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ABSTRACT 
A comprehensive and critical review of literature pertaining to the study of planing craft is 
given within this work. This study includes monohull design, analysis and performance 
prediction for flat water; many features of the planing characteristics, including dynamic 
stability, the use of stepped hullforms, re-entrant transoms and flow characteristics are 
detailed. Work on the rough water seakeeping analysis of planing craft is also given, and 
furthermore, literature pertaining to planing catamaran design and performance prediction, 
and on the ground effect is cited. 
Mathematical modelling approaches are discussed and it is explained that there is still 
much progress to be made in this area before accurate and reliable analytical prediction 
methods become available. The method of matched asymptotic expansions and also a 
proposed force-mathematical model are shown to be particularly suitable to the prediction 
of planing craft forces and moments, the first method being highly analytical and the latter 
requiring a semi-empirical approach to be adopted. 
A discussion is given of the physical phenomena responsible for the characteristics of 
planing craft and their interrelation. It is also discussed how modem craft are attaining 
higher and higher speeds, and a result of this is that the dynamic characteristics of the 
craft, including the flow conditions, are substantially different to those of more 
conventional craft. This modem very high speed regime of planing has been analysed and 
identified in this study under the new title of 'Alto-planing'. Further discussion of planing 
craft form and design concepts are persued, including details of the design of catamarans 
and more novel forms. 
A new computer-based prediction method is presented, which includes prediction methods 
for trim tabs and an aero foil. The ability of the program to allow the designer to vary given 
inputs of the hull data is explained, and a systematic variation of all the input 
characteristics is detailed. An optimisation procedure is offered and it is observed that this 
new prediction method can provide the designer with as much data as required for analysis 
of the form, a distinct advantage over current planing craft prediction software. Validation 
is undertaken by comparison with data from trials results, model test data and comparison 
with other prediction techniques. A discussion of current prediction methods is given. 
Finally, the aerodynamic characteristics of alto-planing craft are researched in detail, by 
means of a systematic series of model tests. Analysis of the results have extended the 
previous empirical limits and have furthermore segregated and quantified the components 
of the aerodynamic effects, including the aerodynamic resistance and the change in 
hydrodynamic running conditions due to the aerodynamic effects. An enhanced and novel 
prediction method is given, which is used to provide illustrative examples of the 
aerodynamic characteristics of alto-planing craft. 
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CHAPTER! 
INTRODUCTION 
The design and performance prediction of planing craft has been a subject which naval 
architects and designers have been trying to understand and refine since the early part of 
this century. Early work used data for the design of seaplanes for analysis and performance 
prediction [Von Karman 1929], [pabst 1931]. Work by Korvin-Kroukovsky et. al. [1949] 
and several other sources were combined by Savitsky [1964] to provide the current and 
most popular definitive prediction method, detailed within this present work. Chapter 2 
provides a comprehensive study of various work undertaken on the subject of planing craft 
design, including features such as the flat-water performance prediction, design and 
analysis, rough-water effects, dynamic stability and catamaran performance prediction. 
The ground effect, especially pertinent to the faster planing craft and catamarans, has been 
studied by various authors, including Tuck [1979],[1981],[1984] and this subject is also 
detailed in Chapter 2. 
It will be seen in Chapter 4 that the current design situation has progressed such that craft 
are able to attain much higher speeds for given power limitations; for example current 
Offshore racing craft are achieving 120 knots when racing in good conditions. This 
advance in performance is partly due to the progression in structural design technology, 
with lighter and stronger structures evolving, but also with hull forms becoming more 
optimal as seakeeping and speed requirements are refined. A result of craft operating at 
these very high speeds (referred to henceforth just as high speed for simplicity) is that this 
author has been able to define a high speed regime of planing, central to this work, named 
'Alto-planing' . 
One of the principal characteristics pertinent to this alto-planing regime is the large 
proportion of resistance represented by the aerodynamic effects. To design better craft in 
the future it will be necessary to gain a deeper understanding of the aerodynamic 
characteristics, both in terms of the effects on resistance, and also on the running 
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conditions of the craft. Apart from the aerodynamic and hydrodynamic drag optimisation 
and minimisation requirements, the dynamic stability of the craft can be improved by 
careful, and more recently with novel designs, which are able to achieve higher speeds for 
given power requirements. 
Current perfonnance prediction techniques for these alto-planing craft are limited to 
empirical model tests undertaken by individual designers and usually revolve around 
unsubstantiated extrapolation of Savitsky's calculations. These extrapolations are not only 
in terms of speed, but also the running conditions, such as the mean wetted length to beam 
ratio. 
Thus, in this present work, having provided a background study of current planing craft 
design, analysis and perfonnance prediction, and then having moved on to detail the 
physical characteristics relevant to modem high speed craft, the characteristics of alto-
planing craft were analysed and identified, with a particular emphasis on the aerodynamic 
effects. Furthennore an optimisation method is suggested to offer the designer the ability 
to commence analysis with a hullfonn which is as suitable as possible, before entering the 
design spiral for detailed analysis. 
The breakdown of Chapters 1 to 8, covering the literature review through to the model 
tests and analysis of the aerodynamic effects is as follows: 
Chapter 1 
Introduction. 
Chapter 2 
Review of the design and performance prediction of high speed planing craft. 
• Design for smooth water. 
• The theoretical model. 
• Design for rough water. 
• High speed planing catamarans. 
• The ground effect. 
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Chapter 3 
Mathematical modelling approaches to planing craft performance prediction. 
• Conformal mapping and conformal transformations. 
• Vortex theory. 
• Asymptotic expansions. 
• General formulation for the boundary-value problem and its application to planing 
craft. 
• Estimation of the lift, drag and pitching moment from the pressure distribution. 
• Computational panel methods. 
Chapter 4 
Towards alto-planing. 
• Current planing theory. 
• General characteristics of very high speed planing craft. 
• Future planing craft design. 
Chapter 5 
A method of performance prediction. 
• The calculations. 
• The program. 
• Application of the program. 
• Validation. 
Chapter 6 
The effect on performance of varying the hull form. 
• Preliminary analysis and optimisation assessment. 
• Secondary analysis and optimisation. 
Chapter 7 
Variation of hull characteristics on the aerodynamics of planing craft. 
• The model tests. 
• Results. 
• Analysis. 
Chapter 8 
Conclusions. 
Chapter 9 
Recommendations. 
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CHAPTER 2 
REVIEW OF THE DESIGN AND PERFORMANCE 
PREDICTION OF HIGH SPEED PLANING CRAFT. 
2.1 Introduction. 
This chapter details previous publications and information pertaining to high speed planing 
craft design and performance prediction. The review is divided into the following group 
headings; monohull design for smooth water, monohull design for rough water, catamarans 
and the ground effect. 
2.2 Design for Smooth Water. 
Savitsky [1964] summarises the elemental hydrodynamic characteristics of prismatic 
planing surfaces and empirical planing equations are given which describe the lift, drag, 
wetted area, centre of pressure and porpoising stability limits of planing surfaces as a 
function of speed, trim, deadrise and loading. These empirical equations are combined to 
formulate a computational procedure, in the form of a table. This is used to sum the 
moments of the forces on the hull, and hence to determine an equilibrium trim. The 
calculations are used to predict the powering requirement, running trim, draft and 
porpoising stability of a prismatic planing hull. 
This tabulated procedure is commonly used by naval architects today, and can be 
implemented using a computer program; the calculations requiring graphical interpolation 
can be performed using iterative methods. However, the principal problem of this 
tabulated procedure is the empirical nature of the calculations. Modem craft do not always 
fit into the spectrum encompassed by empirical calculations, and in addition, catamarans 
and other 'novel' hull forms will not fall into this category. 
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A similar approach was adopted by Clement [1963], [1964A] who conducted model tests 
on the Series 62 planing hulls. These tests were more limite<L in terms of performance 
prediction over a range of hull forms, however Clement was more concerned with the use 
of stepped hulls that required a slightly different design approach than that used by 
Savitsky. Clement first introduced this idea of stepped hulls in 1963 and which he then 
substantially reinforced in later work [Clement 1964A]. In the latter paper comparisons are 
made between the planing surface of a boat and a hydrofoil. After a series of model tests it 
was found that a planing hull could be made more efficient by incorporating a hydrofoil-
shaped step in the midsection of the hull, by increasing the chine width throughout the hull 
length, or by increasing the chine width in the forebody only, with a step at the midsection, 
as shown by Figure 2.01. The effect of the step is to reduce the wetted planing area by 
ventilating the afterbody of the hull, thus reducing the frictional resistance. Additionally, 
the aspect ratio of the planing surface is substantially altered, with consequential effects on 
the craft performance. The use of a step means that the longitudinal centre of gravity can 
be moved well forward, which is a particularly useful advantage since large engines and 
fuel tanks do not have to be crammed into the aft section of the hull. 
Fig 2.01 Methods of improving hydrodynamic efficiency. (After [Clement 1964B]). 
Stepped hull 
Unstepped hull of 
increased chine beam 
Stepped hull with 
increased forward chine beam 
A series of model tests of a stepped planing boat with an adjustable stem stabiliser were 
performed [Clement 1967 A]. The 'Plum' stabiliser was designed to remain horizontal as 
the craft rolls, thus preventing large heeling moments occurring when one side of the 
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stabiliser dragged in the water during a turn. The models used in the tests had a small step 
in the midsection which caused the after body of the craft to remain unwetted at high 
speeds. The craft weight was supported 90% on the forebody and 10% on the stabiliser. 
The model tests were to detennine the optimum use of the stabiliser, and showed that by 
adjusting the height and trim of the stabiliser, the forebody could be made to operate at the 
minimum resistance condition. Furthennore, tests were continued to investigate the use of 
ventilation to the step area, and also in the use of spray strips. The use of ventilating air, 
via air ducts from the face of the step, reduced the resistance at the 'hump speed' (transition 
to fully planing), and it was also shown that adequate ventilation of the step is important 
for minimising resistance. 
The effect of length to beam ratio on the performance of a stepped planing boat with an 
adjustable stem stabiliser was investigated with two models [Clement 1967B]. The results 
showed that decreasing the length to beam ratio from 6.9 to 5.0 caused a reduced 
resistance at high speeds. This author suggests that more tests were necessary, and perhaps 
the use of several steps would alleviate the problem of an optimum length to beam ratio 
for a stepped hull. 
These stepped planing hulls with stem stabilisers are known as dynaplanes and a report has 
been produced detailing the design procedure of cambered (warped) dynaplanes for small 
motorboats [Clement 1969]. This report is in the form of a list of calculations and 
procedures to follow for the design of a dynaplane. 
Blount and his colleagues have been interested in determining the dynamic stability of 
planing craft. In an early paper [Blount and Hankley 1976] detailed experiments and 
analysis for a variety of high-performance, hard chine craft are reported. Initially this work 
was concerned with the need for full scale correlation data to detennine the applicability 
of prediction techniques. Particularly, this applied to propeller cavitation effects which 
prevented accurate speed-power correlation between model and ship (mainly at high 
speeds). Later, attention was directed to the dynamic instability of small high speed craft 
[Cohen and Blount 1986]; here details are given concerning the elemental losses of 
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stability of high speed craft underway. Instability is reported in both transverse and 
longitudinal directions, with motions ranging from a rapid loss in running trim, progressive 
heeling, or a sudden roll-yaw motion. A long term research plan is offered for the 
assessment of dynamic stability of high speed craft, so that a set of guidelines can be 
implemented when designing high speed planing craft. 
The latest developments of the aforementioned research plan and a summary of previous 
work done, including the following points, is given by Blount and Codega [1992]: 
• Fundamentally, stability depends solely on the location of the crafts centre of gravity 
and on the forces and moments resulting from the orientation of the boat. At low 
speeds, these forces and moments are essentially the same as for the hydrostatic case, 
but at higher speeds these forces and moments differ significantly. The instabilities 
which occur most often are known as chine walking, bow steering, bow diving, chine 
riding and porpoising, and are all speed dependant. 
• Dynamic instabilities can be categorised as non-oscillatory and oscillatory. Non-
oscillatory instabilities usually occur at speeds lower than those associated with 
oscillatory instabilities and are generally found on heavily laden craft travelling at 
moderately high speeds. These instabilities are typified by a loss in running trim, 
progressive heeling, bow steering, or a combination of rotations and may result in a 
new stable orientation. The onset of these instabilities may be rapid and without 
warning. Oscillatory instabilities include roll oscillations (chine walking) and pitch and 
heave oscillations (porpoising). In both cases the amplitude of oscillations is related to 
boat speed, and the oscillations occur without any excitation from the environment or 
the operator. Whilst design guidelines exist for predicting and avoiding porpoising 
[Savitsky 1964], there are no reliable guidelines currently available for predicting the 
conditions of chine walking. 
It is possible to analogise the buttock lines of a high speed craft to an aerofoil [Wellicome 
and Jahangeer 1978], [Cohen and Blount 1986], [Bate 1991], [Blount and Codega 1992], 
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and from this analogy it is possible to develop a theory for prediction of the pressures at 
given points on the hull. This has been performed to different, limited extents by different 
people, for example an empirical calculation for this analogy is given by Cohen and Blount 
[1986]. This method suffers from a very restricted application, with the problem of 
equating each buttock of the hull to an aerofoil section and then applying an empirical 
equation to each section. The extension of the aerofoil analogy suggests that highly curved 
underwater buttocks are more prone to developing low pressure areas with the 
accompanying destabilising moments than are less curved buttocks. The most accurate 
method for predicting powering, using fluid dynamic theory, should involve a modular 
model encompassing the velocity distributions over the hull. The theory is substantially 
more complicated for a high speed craft due to the high energy losses associated with the 
aerodynamic and hydrodynamic fluid separation from the craft, which breaks down to very 
turbulent flow. 
One of the prime results of Cohen and Blount [1986] is a preliminary design guideline for 
the prediction of transverse stability, in terms of the planing area and displacement. This 
prediction technique is suitable for application with Savitsky's prediction of porpoising 
stability, but is limited in its application. Small changes in the hullform (that would not be 
registered by the prediction technique) can have very significant effects on the dynamic 
stability, such as the variation of spray rails. 
Whilst the dynamic stability should be seen as an important factor, it is generally assumed 
that the primary design objective is for minimum resistance, whilst simultaneously 
incorporating dynamic stability. Although as the speed increases, the relative importance 
of the dynamic stability increases. Therefore, on the subject of minimising the resistance 
of a given hull, experiments have been carried out to investigate the effects of longitudinal 
bottom spray strips on planing boat performance [Clement 1964B]. It was found that such 
strips extending aft from the bow, about 70 percent of the hull length, decreased the 
resistance somewhat (2.5 per cent) at high speed, but increased the resistance at low speed. 
The performance was noticeably improved by sharpening the edges of the spray strips. The 
position of the spray strips is said to be most important in the spray area [Savitsky 1964], 
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[Latorre 1983] and an optimum configuration would incorporate spray strips from the bow 
which merge into the chines just aft of the designed operating stagnation line (which 
introduces further complications such as varying displacements and powering 
requirements ). 
Savitsky and Brown [1976] conducted many investigations, including studies of the use of 
trim tabs, the effect of hull warp, re-entrant vee-transom hulls, and the performance of a 
hull in the preplaning range. Savitsky and Brown show that trim tabs can help optimise 
perfonnance by minimising drag at a given speed and loading conditions. Equations are 
given for the inclusion of trim tabs in the design process, and it is shown that these 
calculations can be included in Savitsky's tabulated procedure. Conclusions show that it is 
more efficient to generate flap lift by means of flap area rather than flap deflection. The 
tests conducted into warped hull forms were somewhat brief, however, conclusions given 
by Savitsky and Brown suggest that the drag of a warped hull is markedly increased 
compared to a hull with parallel buttocks, although there is only a small increase in lift. 
Furthennore, it is stated that problems arise since power boats are forced to operate in a 
low aspect-ratio configuration (which is less efficient). This author will show, in Chapter 
4, Section 4.2, that warped hull forms can be beneficial when designed correctly. 
In order to achieve a higher aspect ratio, it has been suggested in [Clement 1964A] that the 
transom could be made re-entrant in plan, as shown in Figure 2.02, thus improving the 
aspect ratio for the same planing area. Savitsky and Brown [1976] furthered the tests 
perfonned by Clement and concluded that while the re-entrant configuration can reach 
higher aspect ratios, there is a non-compensatory loss in lift and drag due to the re-entrant 
vee. Thus it was concluded that the re-entrant transom is not beneficial, although these 
tests were perfonned over a limited range of low deadrise hullfonns. 
A regression analysis of the smooth water data of seven transom-stern hull series was 
conducted [Mercier and Savitsky 1973]. An analytical procedure was developed for 
predicting the resistance of transom hulls in the preplaning range, specifically for volume 
Froude numbers less than 2.0. This analytical procedure is in agreement with similar 
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model tests, however the range of applicability is limited to craft of similar form to the 
series 62 hull. 
Fig 2.02: Re-entrant vee hull. (note area appended = area removed) 
After Clement 1964A 
Appended area 
Area removed 
Shaded area Is planing area. 
Work has been presented on the development of a small craft power prediction method 
which allows the designer to select, with improved confidence, hull proportions, engine 
power, reduction gears and propellers [Blount and Fox 1976]. Firstly, this paper discusses 
resistance prediction for the hull. It is acknowledged that Savitsky's tabulated method is 
the standard approach to the problem, however since Savitsky's method is for prismatic 
craft, a correction factor is required for non-prismatic (warped) hulls. 
The establishment of the effective beam as the maximum chine beam, and the effective 
deadrise as the deadrise at mid-chine length, allows the development of an 'engineering 
factor' for modifying the Savitsky prediction method. It is commented that hull warp can 
be used as a designers tool to control dynamic trim in a similar way that a wedge can be 
used, and developed a 'modification factor' (M) for non-prismatic hulls. This resistance 
multiplying factor enables more accurate resistance prediction in the preplaning range, for 
non-prismatic planing hulls, and is most suited to heavier hulls such as to be expected for 
normal commercial or military loading: 
(LCGJI.45 -2(F -085) (LCGJ -3(Ft, -0.85) Modifying Factor M=0.98+2 Bpx e t, . -3 Bpx .e [2.01] 
The limits of applicability of this equation are: Ft,. ~ 1.0 and If~ ::; 0.46 
v 
Also: F - ----;=::======= 
t,. - ~g.(Displacement){ 
[2.02] 
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A prediction method is detailed for the resistance of appendages, initially based on a study 
by Hadler [1966]. The calculations are laborious but are not complex and are important 
when considering the conditions for which the final propeller is selected. For preliminary 
design studies, these calculations are unnecessary and Blount and Fox [1976J offer a 
simpler approximation for an appendage drag factor, given by the equations below: 
1 Appendage Drag Factor 1] A = 2 
0.005FLl + 1. 05 
[2.03J 
[2.04] 
A propeller selection technique is offered for cavitating Gawn-Burrill propellers, including 
a detailed set of design charts and efficiency characteristics. 
A discussion of hull proportions for smooth water mInImum powenng states that 
displacement, chine beam, deadrise, and longitudinal centre of gravity are all significant 
factors affecting speed and power. An iterative series of calculations were made for a 
range of these significant hull factors for a range of speeds and displacements. This 
optimisation process showed that a locus of all the minimum power requirements can be 
plotted to offer the designer a design aiming point, depending on the hull form, this is 
shown by Figure 2.03. This type of study is investigated in greater detail throughout 
Chapter 6. 
Fig 2.03: Desi chart for minimum P . After [Blount and Fox 1976] 
Power 
Locus of minimum Power 
Chine Beam (BpxJ 1m) 
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Blount and Fox [1976] concluded with a summary of problems causing low trial speeds 
(under predicted resistance) of constructed hulls: 
• Stock propellers with blunt or thick leading edges. 
• Overweight hull construction relative to preliminary accepted weight estimates. 
• Incorrect allowance for drag during performance predictions, partly due to craft 
becoming rapidly covered with a heavy coat of marine growth (fouling allowance). 
The effect of wedges on the performance characteristics of two planing hulls was 
investigated by Millward [1976]; the intention was to determine the optimum wedge 
configuration and range of effectiveness of a wedge. 
Results of tests with a series of wedges on two models of the David Taylor Model Basin 
(DTMB) series 62 planing hulls in the water channel confirmed that a wedge or trim tab 
does increase the dynamic lift on the hull. However, since the induced resistance is also 
increased, the wedge only reduces the total resistance if the change in effective 
displacement leads to a reduction in the other components of resistance. 
In the cases where the total resistance was reduced, it was seen to be an advantage to use a 
wedge as a method of reducing resistance and also for trim control, as opposed to 
longitudinal movement of weight. It was found that reductions in resistance of up to 25 per 
cent were obtainable, depending on the LeG position, in the range 1 <F.1 <4. The optimum 
wedge length was found to be in the range 0.05 to 0.10 of the projected chine length, 
tending to the lower value for lighter displacements and forward LeG positions. 
The optimum wedge angle was also found to be a function of displacement, LeG position 
and speed, reaching a maximum of about 10 degrees at the heaviest displacement. It was 
concluded that for overall performance it was necessary to use an adjustable wedge for 
trim control, although the practicality of this is questionable (a distinction is made between 
these wedges and trim tabs, which can be adjustable). 
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In recent years the increases in speed of planing craft have led to a situation where the 
aerodynamics of the hull can be expected to have a significant influence on the overall 
resistance, and hence performance, of the craft. Since the designer is interested in 
minimising the resistance of the craft, it is necessary to develop a performance prediction 
model that includes calculations for the aerodynamics of the hull, as discussed in Bate 
[1991]. Experimental tests on an offshore racing monohull showed that the aerodynamic 
lift at sixty knots comprised 27 per cent of the total lift [Wikeby 1990]. Furthermore, this 
reference offers graphs for aerodynamic lift and drag coefficients against angles of attack 
for the aforementioned monohull, and for a tunnel boat hull of similar dimensions. These 
aerodynamic lift and drag coefficients can be applied to other planing monohulls of similar 
form, hence allowing the inclusion of these characteristics during the computation of high 
speed planing craft performance [Bate 1991]. The subject of aerodynamics of tunnel boat 
hulls is dealt with in more detail later in Sections 2.5, 2.6 and 2.7 . 
A subject of further interest and importance is the spray area of a planing hull. Whilst this 
subject was well documented [Savitsky 1964], [Clement 1929] and [Clement 1964B], 
further detailed experiments were performed [Latorre 1983]. These substantial 
experiments produced the results of prismatic planing model spray and resistance 
components, including a detailed analysis of the spray thickness. The features of the 
whisker spray and spray blister were also discussed, and it was seen that in addition to 
causing the spray blister formation, the intersection of the chine with the stagnation or 
spray root line also formed a 1>ow wave', similar to a gravity wave from a typical 
displacement hull. This wave effect may not be relevant at very high speeds. The whisker 
spray was identified as the droplets formed from the spray sheet occurring forward of the 
main spray blister, the thickness of which was found to decrease in thickness with 
increased speed. The spray blister occurred in the form of a sheet of water; the thickness of 
the spray blister was also measured experimentally and calculated (both methods produced 
agreeable results). The spray components are shown in Figure 2.04. 
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atorre 1983 
Spray blister 
Whisker spray 
Spray blister 
Besides perfonning extensive tests on the spray fonnation on prismatic planing models, 
Latorre [1983] also included some experiments to determine the types of flow on the hulls, 
i.e. whether the flow was laminar or turbulent, and to determine the position of the 
transition point. These tests resulted from tests and calculations of the frictional drag 
component which are dependant on the type of flow, and which were in excellent 
agreement with Savitsky's empirical calculations. These latter experiments were performed 
using acetanilid film patterns on the planing model bottom, which being of a greyish-white 
colour showed the laminar/turbulent transition line, as the turbulent flow removed the 
acetanilid film to show the black hull bottom underneath. 
The results of these experiments showed that extensive laminar flow was present on the 
planing hull bottom, in the region of 50 per cent of the total planing area. As Figure 2.05 
shows the transition line tended to start well forward on the centreline and to traverse , 
diagonally out and aft to the chine, near the transom. 
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Fi 2.05: Laminar and turbulent flow on a 
Ught shading represents laminar flow 
Dark shading represents turbulent flow 
2.3 The Theoretical Model. 
The next area of interest is the theoretical model. For one particular model the planing 
craft can be approximated to a form whose draft is very small compared to the beam or 
length. This is called flat ship theory modelling [Cole 1989]. To the first approximation the 
equations governing the flow past the hull are linear. In addition, to retain a regular 
perturbation problem, the craft is also taken to be 'very fast', implying that the model is at 
sufficient speed to ignore pre-planing 'hump-speed' nonlinearities and similar non flat-ship 
conditions. 
Unlike thin ship theory where flow quantities are measured along the centreline, flat ship 
theory measures the flow quantities along the beam of the hull. This has the advantage that 
it is possible to describe the flow in the wake region, which, as was mentioned earlier, is 
very important to the total resistance calculation. 
The problem formulation for a flat ship is based on a set of basic non-linear equations 
describing inviscid, incompressible and irrotational flow past a hull. Cole [1989] shows an 
asymptotic procedure to generate analytic solutions for this problem and a relatively 
simple expression is developed in terms of lift and drag. Finally, an optimal hull form for 
the simple class of hulls presented is defined. The main drawback to this method is that the 
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hulls are limited to having the maximum beam at the transom, which does not necessarily 
agree with the practical situation. This type of model would thus need developing before it 
would be useful to the naval architect. 
A theoretical investigation on the high-speed porpoising instability of a prismatic hull is 
given in Payne [1984]. This analysis considers 'chines-dry' planing at a speed sufficient for 
hydrostatic forces to be negligible. The effect of skin friction is included and sho~ to be 
very important. Conclusions drawn from this work show that factors making for pitching 
stability include a high CG position, small wetted keel length, and especially, a small trim 
angle. 
A model for computing the effect of energy dissipation on the transition to planing of a 
boat has been developed [Naghdi and Rubin 1989]. This problem, in the presence of the 
effect of spray formation at the boat's leading edge, is investigated using a non-linear 
steady-state solution of the equations of the theory of a directed fluid sheet for two-
dimensional motion of an incompressible, inviscid fluid. The motion of the fluid and the 
motion of the free-floating boat are coupled, and a detailed analysis is made pertaining to 
features such as trim, sinkage, and propulsion force. The effects of the rate of energy 
dissipation arising from the spray formation at the boat's leading edge, and changes in 
equilibrium depth, propulsion angle and the hull displacement, are studied and shown to 
significantly influence the crafts planing characteristics. A feature of this analysis that 
limits the practicality is that a wedge is used to mathematically represent a hull; i.e. the 
fluid flow is treated as two-dimensional. Whilst this does provide an indicative solution to 
the problem of the transition to planing, it does not account for the hull deadrise and form, 
and is thus limited. 
Hubble [1972] has produced complex computer software for simulating planing craft 
motions, and has also correlated the resistance test results for a planing craft. The objects 
of her report were to show that resistance characteristics for a planing craft at a particular 
initial displacement and trim can be derived from a matrix of fixed trim test data using 
equilibrium equations, and also to correlate the results of model tests. The latter objective 
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stems from an attempt to correlate different types of model tests as follows: 
• 
• 
• 
Type A tests where the model is towed along the shaft line. (Pseudo self-propelled) 
Type B tests where the model is towed horizontally through the centre of gravity. 
Type C tests in which the model is fixed in trim, yaw and heave and sway; charts are 
produced for varying trim and draft configurations. 
Types A and Bare free-to-trim tests, with the model constrained only in yaw and sway. 
The model was tested using types A and C and the data converted to type B data for 
comparison which proved to be accurate; Hubble also made specific recommendations for 
future resistance tests of planing craft. 
Hubble [1974] documented model tests in which she obtained data in the form of smooth 
water resistance and trimming characteristics for 22 planing craft hulls (of the Series 62 
and Series 65 form). These tests incorporated systematic variations of chine planform, 
length to beam ratio and deadrise angle. Resistance to weight ratios and trim angles were 
derived from model experimental data at comparable speed and loading conditions as a 
function of the LCG. 
Recent developments in the calculation of the 'added mass' of a planing craft are 
documented by Payne [1992]. Payne shows that the incremental added mass coefficient 
due to chine immersion of a prismatic hull is found to be well approximated by: 
[2.05] 
where Z is the chine immersion at the transom, b is the maximum chine beam and: c 
C . = [1_~]2 
mo 21t 
[2.06] 
This is the added mass of the basic bottom section, and k=2.0 up to a deadrise of 40 
degrees. 
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2.4 Design for Rough Water. 
Having considered various components of planing craft theory, it is apparent that so far the 
designer has only had to be concerned with flat water situations and performance 
prediction in flat water. The presence of waves has considerable importance on the design 
of planing craft and complicates the design problem somewhat. The hull form is dependant 
on the expected wave encounter spectra, or perhaps the worst wave spectra envisaged, 
since the new problem must include a measure of seakeeping ability, so that hull 
accelerations and response amplitudes can be determined. 
It is well known that for planing craft the flat-water/rough-water problem is essentially one 
of a compromise between speed and seakeeping. The Delft Ship Hydromechanics 
Laboratory in the Netherlands has conducted tests on high speed planing craft to determine 
their seakeeping ability [Keuning 1986]. It is noted that results of these tests show that a 
very important parameter in the seakeeping behaviour of the planing craft is the deadrise 
angle [Van den Bosch 1970]. Results of such tests are presented in terms of vertical 
accelerations as a function of forward speed against wave length. From this it may be 
concluded that the vertical accelerations may be reduced by as much as 75 per cent in 
certain conditions by the increase in deadrise angle from 12 degrees to 25 degrees. 
Additionally, extreme accelerations are much less likely to occur with large deadrise 
angles, for example, during harmonic accelerations. Due to the adverse influence that 
deadrise has on resistance, the Delft Ship Hydromechanics Laboratory extended the 
original Clement series [Clement and Blount 1963], with a similar series of models with 
25 degrees deadrise [Keuning and Gerritsma 1985]. 
To be able to improve the seakeeping behaviour of planing craft, Delft Ship 
Hydromechanics Laboratory have sought methods to calculate the motions of these craft 
in waves. Firstly, calculations have been made using a linear strip theory model [Keuning 
and Gerritsma 1985], the results of which are in good agreement with experimental results. 
Secondly, use was made of a computer program developed by Zamick [1979]. This 
program is based on a non-linear set of equations solved in the time domain. Again, results 
show good agreement between experimental results and calculated results. 
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It is known from calculations and from measurements that vertical accelerations are the 
limiting factor in the operability of planing craft at sea. These accelerations vary 
considerably along the length of the ship. The maximum is at the bow, the minimum is at 
about 30 percent of the length from the transom. A carefully chosen working space (bridge 
usually), may reduce vertical accelerations by as much as 50 per cent [Keuning 1986]. 
In the USA, Savitsky and Brown [1976] have been conducting their own hydrodynamic 
studies on several planing hull phenomena and have presented the results of several 
studies, in conjunction with work done by Fridsma [1971]. This fIrstly summarises the 
earlier work performed by Savitsky [1964], then moves on to consider effects of trim tabs, 
effect of warp, re-entrant vee hulls and preplaning resistance (all flat water design 
problems)~ which have been discussed earlier. The fInal set of experiments which Savitsky 
and Brown [1976] have detailed are on the behaviour of planing craft in a seaway. 
The results of the study are embodied in a series of design charts for predicting the added 
resistance in waves (power requirements)~ impact loads on hull structure at the bow and 
centre of gravity, and the craft heave and pitch motion amplitudes. It is recognised tha~ 
both in smooth and rough water ~ in determining the performance of different hulls, it is 
necessary to evaluate them at the same running trim, as well as the same load and speed. 
The results showed that the increased deadrise has a benefIcial effect on rough water 
performance, for example, increasing the deadrise from 20 to 30 degrees reduced the 
added resistance by 20 per cent. Secondly, motions are also attenuated by higher deadrise 
angles at high speed. It is on the impact accelerations that deadrise has the most important 
effect~ increasing deadrise from 10 to 30 degrees halves the impact accelerations. 
Decreasing the trim has a benefIcial effect on loads and motions; reducing running trim 
from 6 to 4 degrees results in a 33 per cent reduction of impact accelerations, although 
there is a substantial resistance increase. Increasing the load decreases the impact 
accelerations, the motion amplitudes at high speeds, and generally reduces the added 
resistance. Increasing the length to beam ratio raises the acceleration levels at all speeds 
and amplifIes the motions at high speeds. At low speeds, increasing the length/beam ratio 
19 
increased the added resistance, and at high speeds it reduced the added resistance. 
The data was reworked into equations for predicting the added resistance in waves and the 
impact acceleration at the centre of gravity and at the bow. These equations facilitate 
performance prediction and are comparable in accuracy with the charts from which they 
originated. Since the equations are based on empirical data it is necessary to respect the 
range of applicability and not extrapolate beyond this range (which is somewhat limited). 
These equations are suitable for computational use and are given in conjunction with 
Table 2.1: 
Table 2.1: Range of applicability of empirical equations. 
(After [Savitsky and Brown 19761) 
RANGE OF APPLICABILITY 
Parameter Range 
M(0.0IL)3 100-250 
Lib 3-5 
Trim, degrees 3-7 
Deadrise, degrees 10-30 
Hlt~1b 0.2-0.7 
V1c/..JL 2-6 
2.4.1 Added Resistance at Vi/...JL=2: 
RAW = 66XIO-<>(Hx +0.5)(}iY +0.0043(1"-4) 
wb 3 b C~ 
[2.07] 
Note: No effect of deadrise. 
Precision ±20% . 
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2.4.2 Added Resistance at V w...JL=4: 
[2.08] 
Note: No effect of length-beam ratio. 
Precision ±20% . 
2.4.3 Added Resistance at V kl ...JL=6: 
RAW _ 0.158Hx I b 
wb
3 
-1+{Hx lb)[-.12P-21Cd (5.6-t)+7.5(6-t)] 
[2.09] 
Note: No effect of trim. 
Precision + 1 0% . 
2.4.4 Average Impact Acceleration at CG, g units: 
( HX ) ,(5 P J( (1)2 Lib 1Z = 0.0104 -+-.084 - --- V. I ",I -cg b 4 3 30 k C 
d 
[2.10] 
Note: Precision +O.2g. 
2.4.5 Average Impact Acceleration at Bow, g units: 
11 _ 11 [1+_3._8(_L_I b~2_.2_5)] 
'Ihow - 'leg V
K 
1..Ji [2.11] 
Note: Precision ±20% . 
Whilst Savitsky and Brown [1976] presented their results in conjunction with the work 
done by Fridsma [1969], Fridsma's own work was in fact divided into two volumes~ a 
systematic study of rough water performance of planing boats in regular waves and a 
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systematic study of the rough water performance of planing boats in irregular waves 
[Fridsma 1971]. The main conclusion of his earlier work was that added resistance, motion 
response and accelerations are generally non-linear functions of the wave height. Linear 
behaviour occurs at the extremes of wave height, i.e. contouring of waves (following the 
wave profile) at low speeds and platforming Gumping from wave crest to wave crest) at 
very high speeds. Furthermore, it was seen that the wavelength of the maximum resistance 
was constantly shorter than the wavelength of the maximum response motions. The results 
of the model tests were collapsed into a simpler form by using a wavelength coefficient: 
Wavelength Coefficient: [2.12] 
The 1971 report has been summarised by the work done with Savitsky and Brown [1976], 
with design charts and preliminary equations for designers use. The equations developed 
by Fridsma [1971] are given, with a list of the limits of applicability in Table 2.2: 
Table 2.2: Limits of applicability of the added resistance charts. 
(After fFridsma 1971]). 
Limits of use of the added resistance charts 
Parameter CA lib CA/(lIb) 't 13 H l13ib v/~l 
degrees degrees 
Range 0.3-0.9 3-6 0.06- 3-7 10-30 to 0.8 to 6 
0.18 
The following is the formula for correcting the added resistance from model tests for C A 
=0.6 and l/b=5, for applicability to other craft within the ranges given above: 
[2.13] 
The value of the above coefficient E' can be calculated from Table 2.3: 
22 
Table 2.3: Value of coefficient for equation 2.13. 
iAfter [Fridsma 1971]). 
V/vl E 
2 
[(lIb)2 M 1+ 25 -1 [1+0.895(Hx lb-0.06)] 
4 1 + 10H X I b( C.6, I I I b - 0.12) 
6 1+2Hx I b(O.9(C.6, -0.6)-0.7(C.6, _0.6)2) 
2.4.6 Motion Corrections: 
Similarly, the following is the formula for the motion corrections: 
(HMo I b) final = (HMo I b) charts X F( T, vl.J7) x G(p, vl.J7) 
For trim: 
G=l 
G=G 
for 1Ji~4 
for 1Ji~4 
2.4.7 Average Centre of Gravity Accelerations: 
[2.14] 
[2.15] 
[2.16] 
An approximate formula was deduced for the average accelerations at the centre of gravity 
(CG): 
[2.17] 
The related charts are accurate within the ranges given above, and the designer should be 
careful not to make gross extrapolations beyond those limits. 
A paper by Hoggard and Jones [1981] summarises the work done by authors such as 
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Fridsma, Savitsky and Brown, on the subject of pitch, heave and accelerations of planing 
craft operating in a seaway. The object of this paper is to provide the designer with a 
usable procedure specifically developed for hard chine planing craft and it provides a 
useful summary of the calculations required for seakeeping analyses. 
Blount and Fox [1976] offer an alternative analysis ofFridsma's work, providing tabulated 
data for the range of applicability of several calculations developed by Fridsma, for the 
added resistance of a planing craft in waves. These equations are also given in a table, 
however, this analysis is not as comprehensive as that of Hoggard and Jones [1981], who 
include example calculations for heave motions and accelerations. 
Further research that has been undertaken at the David Taylor Naval Ship Research and 
Development Centre, Maryland, USA, on the subject of the prediction of motions of high 
speed planing boats in waves and includes a theoretical study [Martin 1976]. A theoretical 
model was derived for predicting the linearised response characteristics of constant 
deadrise high speed planing boats in head and following waves (the computer program was 
developed by Hubble [1980] and is fully documented). It is shown that comparisons of the 
theoretical predictions of the pitch and heave response-amplitude operators and phase 
angles with existing experimental data show reasonably good agreement for a wide variety 
of conditions of interest. 
Martin [1976] shows that non-linear effects are of more severe consequence at higher 
speeds, principally because of the reduction of the damping ratio of the boat with 
increasing speed, and the consequential increase in motions in the vicinity of the resonant 
encounter frequency. It is concluded that the linear theory can provide a simple and fast 
means of determining the effect of various parameters such as trim, deadrise, loading and 
speed, on the damping, natural frequency and linearised response in waves. 
This mathematical model is developed from the equations for the pitch and heave degrees 
of freedom, although the equation for the surge degree of freedom is derived as well. Surge 
is not included in the calculations since Fridsma [1969], [1971], found from visual 
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observation and examination of the time-history record of model boat motions, that little 
surging motion took place, particularly at higher speeds. 
Hubble [1980] documented the development of her computer program for performance 
prediction of a planing craft operating in a seaway. This provided a procedure for the 
prediction of powering requirements and vertical accelerations at the preliminary design 
stage. Envelopes of operating speed against wave height were developed, based on the 
following: 
• Maximum speed in a seaway due to engine limitations (powering) and propellers 
• Human endurance limits due to vertical accelerations. 
The habitability limits are given as follows: 
acg = 7.0x (HX IBpx) x (1+ ~)025 x (Lp I Bpxr125 x F~ [2.18] 
[2.19] 
Any position between the bow and the CG can be interpolated for by linear interpolation. 
For her predictions based on human endurance limits, the average 1110 highest vertical 
accelerations were taken as 1.0 g for 4-8 hoW"s endurance, and 1.5 g for 1-2 hours 
endurance. 
Another mathematical model that has been developed is a non-linear model for the 
prediction of vertical motions and wave loads of high speed craft in head seas. This model 
was developed in Taiwan [Chiu and Fujino 1989] and compares the non-linear motions 
and wave loads of planing craft and round bilge craft at high speed, in waves. 
Unfortunately, this paper is less useful in its conclusions, in terms of what a designer needs 
to know, but does comment on the occurrence of huge sagging moments acting when 
travelling in a head sea. The mathematical model is based on 'strip method synthesis' (strip 
theory), with the use of non-linear equations of ship motions in the heave, pitch and surge 
degrees of freedom. 
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It has been seen that there are several ways to improve the behaviour of a planing boat in a 
seaway, for example, by increasing the deadrise at the cost of some power, or by reducing 
the running trim. Reducing the running trim has the additional advantage of reducing the 
likelihood of porpoising (but increases the risk of broaching). Thus, as mentioned earlier, 
the use of trim tabs is the most obvious solution to this problem. Wang [1983] undertook a 
study of motions of high speed planing boats with controllable trim tabs in regular waves. 
The theoretical analysis was made in an attempt to evaluate the function of a controllable 
trim tab as a kind of heave and pitch reducing device. As with previous studies of this 
kind, the equations of motion are based on modified strip theory. 
The theoretical study and model tests have shown that the contribution of controllable trim 
tabs improves the overall performance of a planing boat. Controllable trim tabs could be 
designed to make a planing boat run at or near optimum attitude in various environments, 
which result in minimum resistance and avoids porpoising. Most importantly, it is shown 
that the vertical motions and the acceleration of the boat in waves may be reduced. The 
agreement between calculated results and experimental results demonstrated that the 
theoretical method proposed in the report seems to be reasonable for the prediction of the 
response characteristics of planing boats with controllable trim tabs in waves. The model 
tests also demonstrated that introducing a pitch velocity feedback to the trim tab in an 
automatic control system is very effective. 
2.5 High Speed Planing Catamarans. 
Literature concerning the design of planing catamaran hulls is scarce. Since the 
hydrostatics and hydrodynamics are similar in principle to a monohull, in the past the 
naval architect has implemented the same design formulae to catamarans. 
By studying the documentation of experiments conducted on high speed displacement 
catamarans, lessons can be learned for the design of planing catamarans and these can be 
used to adapt the calculations for the design of planing monohulls. This, however, still 
leaves a degree of guesswork in the design. 
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A recent investigation into the resistance components of high speed displacement 
catamarans was conducted [Insel and Molland 1991]. The investigation was both 
experimental and theoretical. The aim of the study was to determine the resistance 
components in calm water of high speed displacement and semi-displacement round bilge 
catamarans with symmetric demihulls. The results of the investigation provide a better 
knowledge of the resistance components of high speed displacement catamarans, including 
the effect of hull separation and length to beam ratio over a range ofFroude numbers. 
Whilst these results are useful for the performance prediction of planing catamarans, they 
do not cover an adequate range of Froude numbers for the higher speeds expected to be 
reached by planing catamarans (i.e. Cv=V/...Jgh::d.O). Furthermore, due to the nature of the 
water release from the chines of a planing craft, and due to the small perturbation to the 
water surface made by a planing catamaran, this author suggests that the wave interference 
effects would be less significant and at different phases to those described by Insel and 
Molland [1991]. Additionally, the design of planing catamarans is such that the hull form 
may be symmetric, but more likely it will be asymmetric for high speed craft, giving 
stability in turns and minimising the flow perturbation. Again, these variations to hull form 
will require analysis before an accurate performance prediction model can be developed 
and they are discussed further in Chapter 4, Section 4.4. 
Model tests have been perfonned in the Stevens Institute of Technology, Hoboken, New 
Jersey, to study the interference effects between two flat surfaces planing parallel to each 
other at high speed; these tests were perfonned, and a precis was written by Savitsky and 
Dingee [1954]. The data recorded was on the change in lift and wetted area experienced 
when planing parallel to, and at various lateral distances from another similar planing 
surface (i.e. a planing catamaran of block section, with parallel hulls). Unfortunately, the 
data was only recorded for a limited range of test conditions and therefore does not provide 
a comprehensive set of results. 
The conditions are analogi sed to an aerodynamic situation of several wings of high aspect 
ratio. In this case the resultant upwash velocity is induced by the trailing vortices of one 
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wing on the other, giving each wing a larger effective incidence angle, resulting in an 
increased efficiency of each wing. It is seen from aerodynamic theory that there is a very 
rapid increase in the lift as the lateral spacing between two high aspect ratio wings is 
reduced. The problem with the analogy for a planing craft is that they are of very low 
aspect ratio, and operate on a free surface of water which is defonned by the interaction 
effects. 
Savitsky and Dingee [1954] note that the interaction effects must be due to the dynamic 
component of the planing force, since at rest the static component has no interaction 
effect. 
The result of hull interactions on the length to beam ratio, A, at Cy-7.5 indicates a wave 
rise variation starting from a value of oJ.. = 0.3 at about 3 beams spacing and increasing to 
0.6 at zero beam spacing. 
Consideration of the lift coefficient as the hull spacings are varied show that the lift is 
always greater for two hulls planing side by side, up to a limit of about 4 beams spacing, 
when the interaction effects become insignificant. The increased lift of two hulls 
interacting is due to the influence on lift of the change in upwash velocity and also the 
influence of lift which results from the wetted length change, as mentioned above. By 
referring back to the analogy of aerofoils flying in close proximity, it is seen that the lift 
increase is not nearly as large for the planing hulls. However, this was somewhat expected 
due to the physically different flow regimes that are present, including the fact that the 
primary flow is only on the lower surface of the hulls. 
It can be seen from these tests that if catamaran planing hulls are considered for a 
particular design then beneficial results can be achieved. Furthennore, by studying the 
effect of the air mass flowing under the deck joining the two hulls, it may be possible to 
optimise the design still further; this will be considered later under the heading of the 
ground effect. 
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Work by Clement and Pope [1961] presents graphs by means of which the resistance and 
trim of catamaran planing hulls could be determined. This work was limited in its 
usefulness to others since only a small selection of prediction data was published. The 
work was centred on empirical model tests in a similar manner to that used later by 
Savitsky [1964], and furthermore did not include any discussion of the hull interaction 
effects. A principal and important conclusion which was made by Clement was that the 
reduced resistances achieved by catamarans is due to the increased running trim caused by 
the higher length to beam ratios, rather than by the claimed aerodynamic benefits. 
It will be seen in Chapter 7, Section 7.4.1 and Figure 7.11, that current planing craft 
prediction methods can be applied to determine the individual hull resistances for 
catamarans since the experiments provide new data for the required higher length to beam 
ratios. 
2.6 The Ground Effect. 
Preliminary fluid flow experiments for the ground effect were performed on a scale model 
of a tunnel racing boat by Reif and Geunther [1978]. These experiments were classified as 
aerodynamic and hydrodynamic, using both a wind tunnel and then a towing tank. This 
study demonstrated that the aerodynamic drag forces of modem tunnel boat hulls had 
become a significant percentage of the total drag forces. With this in mind it became 
apparent that the major improvements in performance would come from any aerodynamic 
changes, as opposed to alterations to the hydrodynamic form. 
Modem tunnel hull racing boats literally fly over the water, with only the trailing edges of 
the sponsons and the lower unit of the engine in the water. For this reason it can be seen 
why the residual drag is small relative to the frictional hydrodynamic drag, and that a 
thorough knowledge of the aerodynamic forces acting on the hull may be of value for the 
optimisation of perfonnance. 
Reif showed that the aerodynamic drag coefficient increased as angle of attack was 
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increased for low Reynolds numbers, but was mainly independent of angle of attack at 
high Reynolds numbers. The residual drag coefficient was seen to decrease as the Froude 
number was increased. The pressures on the upper and lower surfaces of the deck were 
measured and it was found that a net positive lift force was present due to lower pressure 
on the upper deck. The centre of pressure of this lift force was estimated to be at about 58 
per cent of the chord from the leading edge. 
Since the estimation of how much lift, or angle of attack, to be built into the hull has a 
profound effect on the perfonnance of the hull, the primary objectives of a second study 
[Reif 1985] were to obtain accurate measurements of the aerodynamic lift, drag, and 
pitching moment on the scale model tunnel boat hull. From these measurements a set of 
nondimensional design curves were developed. 
Chronologically, detailed investigations of the ground effect began around 1960. For 
example Bagley [1961] investigated the pressure distribution on two dimensional wings 
near the ground, using both model tests and a mathematical model. Other tests were 
conducted on aerofoils, with end plates, in the ground effect [Carter 1961] and showed the 
following: 
1. As the ground was approached, the aerofoils experienced an increase in lift-curve slope 
and a reduction in induced drag; thus an increase in lift-drag ratio resulted. 
2. Near the ground, the addition of end plates to the aerofoil resulted in a further increase 
in lift-curve slope and reduction in induced drag which resulted in a large increase in 
lift-drag ratio. 
3. As the ground was approached, the profile (frictional) drag remained essentially 
constant for each aerofoil. 
4. At positive angles of attack, the static longitudinal stability was increased as the height 
above the ground was reduced. 
Around this time, channel flow ground effect vehicles (including SES), as shown in Figure 
2.06, were being studied. Performance calculations for such vehicles were analysed using 
aerodynamic theories such as momentum theory, exponential theory, vortex theory and 
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conformal mapping theory [Strand, Royce and Fujita 1962]. 
Figure 2.06: Basis of a channel flow ground effect vehicle. 
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By 1970 the term 'ram wing vehicle' was being used to describe these ground effect 
vehicles and the theory had been developed to incorporate a flat plate aerofoil translating 
over a ground plane with sinusoidal bumps. The problem of a three dimensional wing 
travelling over a flat ground plane was also being investigated [Barrows and Widnall 
1970]. 
Tuck [1979] has been at the forefront of research into ground effect theory and considered 
the nonlinear unsteady one dimensional theory for wings in extreme ground effect. 
Extending his previous work, Tuck [1981] continued to investigate the steady flow around 
a thin aerofoil-like body in close proximity to a plane ground surface. This was based on a 
one dimensional, but nonlinear gap region flow, matched to the trailing edge, which could 
have significant flap-like appendages, as shown in Figure 2.07. It is noted that in the 
presence of the ground effect there is a coupling between pitch and heave, and hence an 
unstable situation occurs. 
Fi e 2.07: Aerofoil in ound effect, with trim tab. After Tuck 1981 
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In further work [Tuck 1984], ground effect theory was applied to a simple case of an air 
supported vehicle over water. This treatment uses one dimensional aerodynamic theory 
and also replaces the ground plane by a free surface which is depressed in the gap region, 
as depicted in Figure 2.08. 
Figure 2.08: Aerofoil operating in ground effect over a free surface. 
Tuck 1984 
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2.7 Discussion. 
A review of the developments in planing craft design and performance prediction has been 
given. It was seen that there have been particular contributors to the research and analysis 
of planing craft, such as Clement, Savitsky, Blount, Payne and Hubble, who have spent 
many years advancing the knowledge of the design and performance prediction of these 
craft. 
It was seen that Savitsky's tabulated procedure is still principally used as the basis for the 
analysis of planing craft performance, with the benefit of reliable prediction of the 
porpoising inception point. More recent work has been aimed at improving the rough 
water design, without sacrificing the high speed performance. It has been shown that there 
is currently very little documented analysis pertaining to catamaran planing craft. In 
addition, due to the nature of modem high speed planing craft and their operating 
environment, the ground effect has been considered. It is seen that the aerodynamic 
effects, in and out of the ground effect, are of great importance to the overall dynamic 
characteristics of the craft. 
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The present author considers that future planing craft will begin to fall into three very 
different envelopes: 
1. Heavily loaded commercial/military 'working' planing craft, which operate in the 
currently defined planing sense and which require little further research. 
2. Craft that operate at very high Froude numbers (V/""g.b), and which experience 
significantly higher aerodynamic forces and moments. These craft operate in a very 
modem planing regime which requires substantial further research to understand more 
fully the mechanisms involved in governing the performance of the craft. This area of 
investigation is considered further in Chapter 4, Section 4.3. 
3. Planing craft that span the gap between the slower, more heavily loaded craft, and 
the very high speed craft of much lower displacement. These craft include the typical 
standard planing pleasure boats currently available on the market. 
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CHAPTER 3 
MATHEMATICAL MODELLING APPROACHES TO 
PLANING CRAFT PERFORMANCE PREDICTION. 
3.1 Introduction. 
There are a variety of different analytical procedures that can be applied to the 
determination of the lift, drag and centre of pressure ofa high speed planing hull. The most 
relevant of these procedures have been identified, and are as follows: 
• Conformal mapping. 
• Vortex theory. 
• Asymptotic expansions. 
• Pressure distribution calculation. 
• Computational panel methods. 
This chapter explains the basis of these methods, discusses their application to the analysis 
of planing craft and then justifies the use of empirical methods for current design practice. 
Each of these procedures has its own merits and demerits, depending on factors such as the 
required accuracy and the complexity of the system being modelled. For example a two-
dimensional thin wing in extreme ground effect (flat ground) is less sophisticated to model 
than a three-dimensional catamaran planing hull operating with ground effect influences, 
hull interaction effects, waves and trim tabs. 
Before considering the modelling procedures it is worth outlining the system being 
modelled. The forces on a high speed planing hull can be divided into separable regions as 
follows: 
• Hydrodynamic forces. 
• Aerodynamic forces. 
• A boundary region at the air-water interface. 
• A deck and superstructure region. 
• Aerofoils (which may be operating in the ground effect originating from the airflow 
over the deck). 
• Local flow phenomena such as around trim tabs, spray rails or steps. 
• Wake regions. 
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The analysis of these various domains obviously depends on the analytic procedure that is 
applied. It will be shown that conformal mapping can treat the hull as a single shape, 
whilst the method of matched asymptotic expansions can treat the hull as several regions, 
with individual flow properties in each region. 
The primary difficulties to be encountered lie in the representation of the air-water 
interface. As the hull translates, it causes a spray sheet and a spray wake to be formed. The 
flat water line is altered as the wake is pushed upward and outward and in the more 
complex case water waves have to be considered. A method of calculating the free surface 
elevation due to one pressure element for a finite element model has been proposed by 
Wellicome and Jahangeer [1978]. However, this model is geometrically simple, due to the 
complexity of the analysis, and the elements are far too large to account for detailed 
geometric changes, such as for spray rails. This is in spite of the fact that practically, such 
small changes can have a profound influence on the dynamic characteristics of the hull. A 
simple solution to this free surface elevation (wave rise) problem, which is valid for craft 
travelling at high Froude numbers, is to assume the water surface to be flat and simply 
parted by the hull. This is a reasonable assumption if the displacement-Froude number is 
sufficiently high (above 5.2, for example) that the craft can be treated as entirely 
dynamically supported (this is considered further in Chapter 4, Section 4.2.4). 
Theoretically, this would not occur until the aerodynamic lift on the hull equals the load 
displacement, when the boat is flying. It has been demonstrated that this could happen at a 
speed of 130 knots for a given 6.4 metre high speed race boat [Wikeby 1990]. 
3.2 Conformal Mapping and Conformal Transformations. 
The subject of conformal transformations is the study of methods of transforming an 
orthogonal geometric pattern (plane 1) composed of certain shaped elements, to an entirely 
different pattern (plane 2) whilst the elements retain their distinctive form and proportion, 
see Figure 3.01. Early transformations were of a circle to a straight line (flat plate). More 
complex transformations were developed, such as the Kutta-Zhukovsky family of aerofoils 
[Houghton and Carpenter 1993], but these were still not highly efficient aerofoil sections 
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and development has now produced more refined aero foil sections. If the forces on the 
untransformed shape are known i.e. lift on a spinning circle, then the forces on the 
transformation are also known, and the transformation function can be used. 
Figure 3.01: Conformal transformation from a plane 1 to a plane 2. 
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In the application to a planing hull, the profile of the hull would represent the transformed 
shape (plane 2) and to determine the lift and drag on the hull it would be necessary to 
perform an inverse transformation to a standard shape (e.g. a circle), whose aerodynamic 
characteristics are known. This inverse transformation would be complex to perform and 
ideally would have to be performed in a three dimensional configuration (transformation to 
a form of cylinder) for an accurate representation of a hull form with longitudinal, vertical 
and transverse flow, see Figure 3.02. Furthermore, when the flow becomes turbulent then 
further complications would arise. 
Fi e 3.02: Transformation of a hull to a standard form. 
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In spite of these complications, approximate solutions could potentially be found for 
planing craft, and the confonnal mapping technique is also used in other modelling 
applications. 
The technique of conformal transformations is of principal value as a tool for learning 
trends and characteristics of a foil or form, with regard to lift, drag and stalling responses, 
rather than in a particular design role. However, two-dimensional modelling of a planing 
craft could be investigated, by analysing the hull profile at regular beam intervals and 
transforming these profiles to a known aerodynamic shape (circle). The forces on the hull 
could then be modelled for a three-dimensional hull by integration of the two dimensional 
characteristics. This method would be complex to include transverse flow phenomena, and 
whilst it should be feasible, it is not really suitable. 
3.3 Vortex Theory. 
Consider an aerofoil operating at zero angle of attack close to the ground. The effect of the 
ground is replaced by that of an image aerofoil. To adopt a mathematical representation, 
the aerofoil and its image is replaced by a continuos distribution of sources and vortices 
(sinks) extending from the leading edge (x=O) to the trailing edge (x=c) along the 
meanline, depicted in Figure 3.03. The position of these sources and sinks can be derived 
by using Munk's slender body theory [Munk 1934]. 
For an element of source distribution located at x = Xl the velocity induced at point P(x,z) 
IS: 
[3.01] 
Where a{xI) is the source strength per unit length. Thus to obtain the velocity components 
in the x and z directions at P, due to all the sources, it is possible to resolve the velocity 
given by 'lz in the x and z directions and then to integrate along the length of the body. 
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Figure 3.03: Explanation of vortex and source substitution. 
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Having established a method of representing the aero foil section by a source distribution, it 
is possible to substitute a general expression for the total aerodynamic lift per unit span to 
produce an expression for the total aerodynamic lift in terms of aerofoil co-ordinates. 
An alternative method is suggested by Riegels [1961] which uses a Fourier series (in tenns 
of aerofoil chord) to represent the vortex distribution and to then integrate over the chord 
to find the lift and drag of the aerofoil. 
Obviously, this method can be taken to great detail if required. In the analogy of an 
aerofoil to a planing hull, the vortex distributions can be similarly modelled, with 
particular caution paid to the fact that a hull is usually considered as being a bluff body, 
rather than a thin profile. Furthermore, the hull operates in two media, which will 
complicate matters further. Trim tabs and other such local flow phenomena can be 
included, again by the inclusion of source and vortex systems. In practical terms, whilst 
this method of aerodynamic modelling is useful for aerofoils, it is not so useful for 
modelling a more complex form such as a planing hull. This is in spite of the fact that this 
method lends itself well to computer analysis. However this method offers somewhat more 
to a designer than the aforementioned Conformal Mapping technique. 
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3.4 Asymptotic Expansions. 
With modem computing facilities becoming faster and more intricate, complex fluid flows 
can be accurately simulated. However, numerical solutions of flows do not give clear 
qualitative insight into the physical mechanisms which take place. This insight can be 
attained by asymptotic modelling. 
The lifting-line model, proposed by Prandtl [1921], is one of the most popular asymptotic 
models in aerodynamics. This method requires that the aspect ratio is much greater than 
one, and that the variation of flow along the span occurs only over large distances, i. e. 
local transverse flow phenomena is constant. 
Van Dyke [1964] introduced the matched asymptotic expansion (MAE) technique into the 
solution of the problem after it was found that an aerofoil could be treated as a single 
perturbation. The restrictions on the wing geometry were removed by Cheng and Murillo 
[1984] using the MAE approach, and they showed clearly how the wing loading shifted 
when the wing was swept back or curved. 
Asymptotic theory has also been extended to unsteady flow. As a generalisation, it has 
been shown that very high frequencies have a self averaging effect and cancel themselves 
out. 
Guermond and Sellier [1990] demonstrated the application of a unified unsteady lifting-
line theory for any wing, over the entire range of perturbation frequencies. Wang [1990] 
demonstrated a similar theory based on MAE for the flow around an unsteady thin wing 
close to curved ground. It is considered that this method could provide the nearest analogy 
to a planing craft travelling in waves. 
The MAE approach incorporates other methods of fluid dynamic design, such as the 
aforementioned vortex/source distribution and conformal mapping theory, but essentially 
MAE seeks to control the use of such techniques to uses where they are suited, i.e. 
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between matching regions. For this reason, the use of MAE could provide a powerful tool 
in a computer design/prediction program. 
3.5 General Formulation of the Boundary-Value Problem and its 
Application to Planing Craft. 
Figure 3.04 shows a three-dimensional thin wing set in motion with constant horizontal 
velocity, in close proximity to the ground. The velocity potential ~x,y,z,t) can be 
determined in terms of the aerofoil geometry, and some boundary conditions can be 
applied, based on kinematic and dynamic conditions. After the velocity potential is 
determined, the pressure distribution on the wing surface will be given by Bernoulli's 
equation: 
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[3.02] 
In order to solve the problem by the method of MAE, the flow is divided into four separate 
asymptotic regions, as shown in Figure 3.04, namely: 
1. Exterior region; the region above the wing and wake surfaces. 
2. Gap region; the region below the lower surface of the wing. 
3. Wake region; the region beneath the wake surface. 
4. Bow region; any point in the circled region from the wing's leading edge. 
Wang [1990] assumes that Kutta conditions exist at the trailing edge, i.e. there is no 
circulation about the trailing edge. 
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The mathematical solution to this problem then requires expanding the solutions in each 
region and matching them at the overlaps. The sequence in which to conduct this matched 
asymptotic analysis in the various regions consists of the following four steps: 
1. The exterior solution is relatively simple and is found initially. 
2. The bow solution is deduced from the bow-region limit of the exterior solution. 
3. The potential expansion in the gap region and the corresponding boundary-value 
problem at each order solution are obtained based on the above results. 
4. The wake region is analysed in an analogous manner to the gap region. 
The mathematical analysis will not be taken further, except to say that the velocity 
potential in each region can be expanded asymptotically (the more terms, the more 
accurate the expansion). When the boundary conditions are satisfied, the terms of the 
expansion can be matched to the singularities of those boundary conditions. 
In the analogy of this type of modelling to a high speed planing craft, this method has the 
most scope for development, due to the ease with which the asymptotic regions can be 
divided, according to the complexity of the model. Tuck [1981] considered the steady flow 
and static stability of aerofoils in extreme ground effect, with a trim flap on the trailing 
edge, and used this model to analogise to the manoeuvring of ships near a bank. 
Furthermore, this method lends itself well to computer programming, and thus complex 
MAE analysis could become a function of computer processing speed and power. 
Figure 3.05 illustrates some of the regions that would exist in this type of model when 
applied to a planing craft. If the model is initially treated as two-dimensional then the basis 
for the theory can be established, with the primary significance being the fact that the hull 
is a bluff body and would create a vortex field behind the trailing edge (Wake 1,2,3). The 
second primary influence would be the boundary between the air and the water; if the free 
surface elevation could be calculated along the hull then the air/water interface would 
provide a singularity which would divide the associated flows. The aerofoil (situated above 
the trailing edge) would add an interesting complication since it would probably be 
situated in a ground effect from the exterior flow over the upper deck of the hull. The trim 
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tab could be modelled as a nozzle [Tuck 1981], and the step could be replaced by a system 
of sources and vortices. 
Fi e 3.05: Flow re 
Exterior 2 
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Wake 2 Trim tab 
Step 
The three dimensional model would be significantly more complex than the two-
dimensional model, due to the transverse flow that would occur. The case of a catamaran 
or tunnel hull boat would be particularly interesting with the tunnel region being 
considered in several parts. 
3.6 Estimation of Lift, Drag and Pitching Moment from the Pressure 
Distribution. 
From infonnation pertaining to the aerofoil geometry, the lift, drag and centre of pressure 
of the aerofoil can be obtained. In an analogous manner, The present author will show that 
by dividing the hull into elements of finitely small size, the pressure distribution over the 
entire hull can be computed, and aerodynamic theory applied to determine the dynamic 
characteristics of the craft. As with all theories applied to modelling high speed marine 
craft, the situation is complicated by the requirement to include the two fluid media and 
also the air/water interface (with wave rise effects). The following is the basis of a method 
constructed by this author, for the derivation of the centre of pressure of a longitudinal thin 
'strip' or 'profile' of the hull. Equations for the resulting moments and forces about that 
centre of pressure are given and these values can be integrated over the entire beam of the 
craft, for the aerodynamic and hydrodynamic components, to give the net forces and 
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moments. This method considers first order resultant forces (no wave rise effects etc.) and 
assumes the fluids are inviscid and incompressible. It is thus suitable for high speed craft, 
as detailed in Chapter 4, throughout Sections 4.2 and 4.3. It is necessary for the flow to be 
principally buttock orientated, rather than waterline orientated (although a small 
modification would allow the reverse to be true should that be required). 
3.6.1. Calculation of the centre of pressure position. 
The hull is treated as a series of foil sections of unit (infinitely thin) span (db). For each 
aerofoil section the surface is regarded as a thin sheet of material, perfectly rigid, with a 
uniform pressure inside of Po, the static pressure of an undisturbed stream. The forces 
acting on an element of length ds, on the surface, are the normal force, p.ds inwards and 
Po·ds outwards. The total force is (p-Po).ds . These forces can be resolved into components 
dz and dx, acting parallel to the Oz and Ox axes respectively. Figure 3.06 shows the 
pressure forces on an element of the aerofoil section. 
Fi e 3.06: Pressure forces on an element of an aerofoil surface. 
z 
Now: [3.03] 
Each element has a force in the z direction acting over a length ds.cosO" in the x plane. 
Thus: dZ = -(p-Po)·ds.CosO".db 
and from the element geometry: ds. CosO" = dx 
Thus: dZ = (p-Po)·dx.db for an element on the lower surface. 
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[3.04] 
[3.05] 
[3.06] 
Integrating over the chord for that section: 
z = J~(P- pO).dx.db 
and so: z C z = 1 2 for elements of width b~ over the chord. 
2 P · V ·c·b 
Now the pressure coefficient is defined as: 
As previously: dX = (p-po).ds.Sino-.db per element. 
and ds. Sino- = dz [3.11] 
z2 
Leading to: Cx =Jc Cp.dz.db/ C zl Where z2 = highest ordinate. 
c 
zl = lowest ordinate. 
From this the forces in the conventional directions can be calculated: 
CL = CZ·Cos-r - CX·Sin-r 
CD = CZ·Sin-r + CX.Cos-r 
N.B. this is where the hull trim angle influences the result. See Figure 3.07: 
Fi e 3.07: Effect of hull trim or an Ie of attack. 
Cz C R .. ,.::: ........ ~:::: ............. . 
CL 
~ _____ o 
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[3.07] 
[3.08] 
[3.09] 
[3.10] 
[3.12] 
[3.13] 
[3.14] 
About the Oz and Ox axes: dMz = (p-Po).x.dx.db = dZ.x [3.15] 
thus: CMZ = f:(Cp ).(xl c).(oxl c). db [3.16] 
fZ2/C CMX = (Cp).(z/c).(oz/c).db 
zIlc [3.17] 
where M CM = [3.18] 0.5.p. V2 .c. b 
Thus the total moment about the leading edge is found from: 
CmT = Cmz + Cmx [3.19] 
This value for CmT can be used to calculate the position of the aerodynamic centre and is 
exactly the same as the value Cma or CmLE , where Cma and CmLE refer to the total 
moment coefficient about a point 'a' (placed at the leading edge) and the moment 
coefficient about the leading edge respectively. 
The aerodynamic centre is the point along the chord for which CmT is virtually constant, 
independent of the lift coefficient. Knowledge of how the pitching moment coefficient 
about a point distance 'a' behind the leading edge varies with CL may be used to find the 
position of the aerodynamic centre behind the leading edge. 
Let the position of the aerodynamic centre be a distance xAC behind the leading edge. 
Cma = CmAC - (CL.COSt + CD·Sint).((xAc/c)-(alc)) 
(Resultant of lift and drag x distance) 
[3.20] 
Since C
mAC = 0, by definition of the aerodynamic centre, and differentiating with respect 
to CL gives: 
Thus: 
___ o_C..=::m=-a __ ._ = -[(xAc I c)- (al c)] 
o(CL.cost +CD·Smt) 
oCma 
x Ac I c = (a I c) - -0-( C-L-.-C-Os=t=-+-S-in-t-) 
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[3.21] 
[3.22] 
To coincide with equations [3.17], [3.18] and [3.19] set 'a' at the leading edge; i.e. a=O . 
Hence: [3.23] 
and xAc can be calculated for each section. 
At each value of CL and CD there will be found one particular point about which the 
pitching moment coefficient is zero. This point is the centre of pressure (see Figure 3.08). 
The centre of pressure moves with change of angle of attack and is not necessarily within 
the section profile. Thus as the angle of attack increases, the centre of pressure moves 
towards the trailing edge. An example of this would be a flat plate at an angle of attack, 
when the centre of pressure would be above the plate. The centre of pressure would move 
towards the trailing edge as the angle of attack was increased. 
Now from equation 3.20: 
MLE = MAC - (L.COSt + D.Sint),xAc 
= - (L.Cost + D.Sint).Kcp·c 
Divide by 0.spV2Sc: 
CmLE = - (CL.COSt+CD sint).kcp 
thus: 
CmLE 
The centre of pressure is Kcp. c units from the leading edge. 
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[3.24] 
[3.25] 
[3.26] 
[3.27] 
This result provides a two-dimensional case and requires that the down wash and vortex 
drag be calculated at each element in the model to incorporate the three dimensional 
degrading effects of each elements' trailing vorticity, defmed in Figure 3.09. 
Fi e 3.09: The conse uences of downwash on each hull element. 
Dv 
Luwrute L 
Chord Line 
Element <lmfinite a 
Vr 
v 
To determine the downwash and vortex drag at any element on the hull, knowledge of the 
beam loading is required so that the circulation at that element may be determined. Figure 
3.10 illustrates a variation of lift distribution across the beam of a hull. An infinitely wide 
hull would have a constant lift coefficient, but the three-dimensional effect of form causes 
a somewhat less ideal case to occur. The effect of deadrise is to increase the beam loading 
in the lower deadrise sections (at the centreline of the hull in the diagram), and reduce the 
beam loading at the chines. This corresponds to having higher local circulation at the 
centre, and hence higher vortex strengths at the centre of the hull than towards the beam. It 
is the determination of the local circulation at all elements that is of particular interest, 
since it provides a means of determining the local downwash and vortex drag of each 
element. These local effects can then be incorporated in the two-dimensional calculations 
for the overall lift, drag and moment characteristics of the craft. 
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Fi e 3.10: Lift distribution for hullforms across a half-beam. 
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For an elliptic loading, the circulation (Ko)is given by equations [3.28a] and [3.28b]: 
Ko = L/(tPV1tdb) [3.28a] 
Ko = CL VS/(1tdb) [3.28b] 
Houghton and Carpenter [1993] show that the downwash can be calculated from the 
circulation using the following: 
w=Ko/4db [3.29] 
Hence, combining equations [3.28a] and [3.29]: 
CLVS 
w=~-
41tdb2 
[3.30] 
Which simplifies to: 
L 
w=---
21tpVdb2 
[3.31] 
This is for an elliptic loading which could typically represent the flow past the transom of 
a high speed, zero deadrise (at transom) hull. It has been shown that the general lift 
distribution case has a more complex pattern and this is reflected in the calculation. 
However, the lift on an element at a given beam is still a function of the circulation of that 
element (from the Kutta-Zhukovsky theorem [Houghton and Carpenter 1993]), and hence 
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the lift, downwash and induced drag can be determined for each element. By replacing the 
beam offset by (-db.cose) the Kutta-Zhukovsky theorem becomes: 
L = L~VKdbSine.de [3.32] 
and the lift distribution can be simulated by a general Fourier sine series, the simplification 
of which is given by Houghton and Carpenter [1993] and yields the follOwing results: 
L = 2np V2db2 Al [3.33] 
[3.34] 
[3.35] 
An is the amplitude of the nth harmonic at a given beam, the value of which depends on the 
lift distribution. 
The results of equations [3.33] to [3.35] can be incorporated in the two dimensional 
methodology at equations [3.04] and [3.05] to give the forces on each element resulting 
from the three dimensional form of the hull. Thus it has been shown how the dynamic 
characteristics of a planing craft could be determined for incompressible and inviscid flow, 
for a three dimensional form. 
This author has eschewed the traditional vortex distribution method (for example lifting 
line theory) and used a force orientated method instead. Future research in this area should 
consider the effect of the wave rise on the hull, and the problematic air/water interface. 
Chapter 4, Section 4.3.3, will show that an air-water emulsion of considerable thickness 
exists under the hull at very high speeds and a method of incorporating this into a model 
should be considered. 
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3.7 Computational Panel Methods. 
A panel method models the potential flow around a body by distributing sources over the 
body surface. In this way the potential flow around a body of any shape can be calculated 
to a very high degree of precision. This method was developed by Hess and Smith [1967] 
and is detailed by Houghton and Carpenter [1993]. 
In the panel method all panel seams are referred to as 'nodes' and the mid points of each 
panel are called collocation points. This method is applicable to two or three-dimensional 
bodies, with the three-dimensional body being comprised of many panels and the two-
dimensional body being comprised of many straight line segments. 
The lifting panel method of potential flow computation has several advantages over similar 
methods such as finite difference and finite element methods; both of the latter are field 
methods which require that the whole of the flow field be di screti sed. The panel method 
only requires the discretisation of the body surface - the boundary of the flow field. The 
dimensions of the solution are therefore reduced by one order, for example NxN nodes are 
required for a three dimensional surface rather than NxNxN nodes throughout the field. 
Furthermore, like finite-element methods, but unlike finite difference methods, the panel 
method can readily accommodate complex geometries. Furthermore, the panel method can 
easily deal with an infinite flow field. Also, the panel method provides a reasonably 
accurate result from a fairly crude discretisation. 
3.8 Discussion. 
It has been shown in this chapter that there are a variety of basic mathematical models that 
can be used to simulate a high speed planing craft. It has also been shown that more 
complex models are available, which incorporate elements and concepts of the simpler 
models. Simpler theories such as conformal mapping and vortex theory have been seen as 
not entirely suitable on their own, and use should be made of more powerful mathematical 
methods such as lifting line and lifting panel methods. Computational panel methods have 
been shown to be accurate linear calculations, with the principal advantage that they can 
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model the hull form, rather than a simplified shape such as a wedge, or even just a two-
dimensional shape. Problems arise when non-uniform waves and hull motions are 
incorporated in the model. 
The method of Matched Asymptotic Expansions (MAE) has been detailed. Due to its 
modular nature it has great potential to accurately simulate the entire flow around a high 
speed planing craft. This MAE method incorporates lifting line (vortex) and conformal 
mapping techniques, and may implement as many other theories or methods as become 
available. Various authors, such as Wang (1990], have shown that non-linear methods can 
be incorporated in the MAE approach, so long as the non-linear external forcing function 
can be modelled accurately. 
Since computers are becoming ever more readily available and equally faster and more 
powerful, methods such as MAE gain greater potential for development. For such 
developments to occur, mathematicians will need to work alongside designers, to attain a 
theoretical model that retains its practical usefulness. Furthennore, there is a distinct 
requirement for computer prediction and simulation software to communicate between 
sources, for example by reading hull lines from one software package and computing the 
hydrostatics and performance, with minimum user input. 
The pressure distribution method of computing the forces and moments on a planing hull, 
based on the similar theory for an aerofoil, has been compiled and detailed. The principal 
steps in this method are as follows: 
1. The two-dimensional flow is analysed for the hull to provide forces and a moment. 
2. The beam loading is analysed over incremental sections along the wetted length to 
provide beamwise pressure distributions, with a net lift value per section, and hence 
circulation K per section. 
3. The local circulation (k) is determined as a function of the maximum circulation (K) of 
the beam section. 
4. The downwash and induced dIig can be determined and incorporated in the two-
dimensional calculations for lift, drag and moment. 
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The work in this chapter has considered the basis of mathematical modelling of planing 
craft. It has been shown that the various methods all have major limitations. These 
limitations are in terms of being unable to accurately model the elements relevant to 
planing craft lift, drag and moments, for example the air/water interface. 
The present oplmon is that this type of force-mathematical calculation is generally 
eschewed by those interested in the performance prediction and analysis of planing craft. 
This is because it represents the intermediate level between analytical theory developed 
and researched by one type of scientist (such as those generally mentioned in this chapter 
who may not even be interested in planing craft at all), and other engineers who have 
evolved their theories from practical knowledge and empirical data (with a background in 
design work). All analytical methods must be validated against experimental results, to 
assess their accuracy and limits of applicability. 
As a result of this chapter it is clear that to develop a model for planing craft performance 
prediction and analysis, an empirically based model is most suitable. Hence, the decision 
to undertake model tests in order to obtain hydrodynamic and aerodynamic data for 
inclusion within the computer program discussed throughout Chapter 5. 
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CHAPTER 4 
TOWARDS ALTO-PLANING. 
4.1 Introduction. 
In order to understand the flow regimes present around complex geometric fonns, it is 
necessary to understand firstly the flow regime for a simple case such as a flat plate or 
prismatic fonn. Initially this study will consider some specific flow conditions present for 
current planing theory. It will then discuss such conditions pertaining to a regime of very 
high speed planing, in which the variables exchange their relative importance, and a new 
set of flow characteristics are defined. This work does not attempt to provide a complete 
knowledge of the planing characteristics of a standard hull, as such work has been 
thoroughly documented by other authors such as Savitsky, Clement and Blount and is also 
detailed in Chapters 2 and 5. 
4.2 Current Planing Theory. 
4.2.1 The Flat Plate. 
A planing surface of zero deadrise and zero rocker (fore and aft curvature) is tenned a flat 
plate. Water rises in front of a flat plate, causing the running wetted length to be larger 
than the length defined by the undisturbed water level intersection with the bottom. The 
rising water surface, which is projected forward, forms a thin sheet which flows forward 
along the planing surface. This sheet is the source of spray from a planing surface and the 
origin is termed the spray root region. The wetted area of a planing hull excludes the spray 
area, and defines the planing area over which the water pressure is distributed. An 
infinitely wide flat plate has longitudinal flow present and no transverse flow occurs, this 
is taken as the ideal situation. 
4.2.2 Pressure Distribution on a Flat Plate. 
The force acting on each element of the bottom surface may be divided into components 
normal and tangential to the surface. The tangential component represents the frictional 
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force acting on the bottom surface; this component depends on the fluid motion in the 
boundary layer. At small angles of attack the water friction on the bottom of the hull fonns 
a large fraction of the total resistance. Calculation of this resistance is complicated by the 
fact that in the spray area the frictional force is vectored forward. Figure 4.01 shows a 
typical pressure distribution on a flat plate. 
Fi e 4.01: Tical res sure distribution on a flat late. 
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Further illustrations of the variation of bottom pressure distribution with length on a flat 
plate, with laminar flow, are given in Figure 4.02 (After Sedov [1965]). Note that at small 
trim angles the position of the maximum pressure is further forward, and that the wave rise 
effect is substantially smaller at low trim angles. 
4.2.3 The Boundary Layer and Streamlined Flow. 
The varying pressure distributions over a flat plate at different trim angles can be 
explained with reference to the boundary layer and streamlines. At low trim angles the 
stagnation point is a long way forward and the flow aft of the stagnation line is not 
substantially deflected in the vertical direction. The more favourable negative pressure 
gradient associated with the higher trim angle means that the flow will remain laminar 
longer than at a low trim angle, since the hull acts to create a venturi effect and accelerates 
the flow along its length, with an associated pressure reduction (by Bernoulli's equation). 
Thus the downstream flow 'sucks' the laminar flow towards the lower pressure region. In 
practice, for planing craft generally, the critical Reynolds number (Rn-crit) is not exceeded 
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for some distance along the length of the hull, due to the positive trim and rocker angles. 
For more recent high speed planing craft, detailed later in this chapter, the Rn-crit is 
reached within a very short distance of the leading edge and a turbulent boundary layer 
exists over almost the entire length of the hull. Rn-crit is quoted by Marchaj [1991] as being 
5.0 xl05 based on equation [4.01], for sea water at 15 degrees at standard atmospheric 
pressure. 
Figure 4.02. Planing flat plate at different angles of attack. (After [Sedov 1965]). 
0.9921 Lw 
Trim = 5 degrees 
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Equation [4.01] can be used to determine the point of transition to turbulent flow: 
V.1 
R =-
n V 
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[4.01] 
A more complex fonn of this equation could be used for hullfonns, as suggested by 
Latorre [1983]: 
[4.02] 
Where Vrn is the mean bottom velocity and is calculated as follows [Latorre 1983]: 
[4.03] 
There are two problems with using an equation such as equation [4.02] for calculating the 
Reynolds number; firstly, the critical value at which transition occurs needs to be 
consistently calculated using the same formula for accuracy and continuity, and secondly 
the above method calculates a mean Reynolds number for the entire flow past the hull, 
whether it is turbulent or laminar. A modification is required to compute the Reynolds 
number at any specific point along the hull. This modification should incorporate the 
determination of the flow velocity at each individual point along the hull, as well as having 
knowledge of the locus distance of the flow from the stagnation point. 
For a hullfonn, the negative pressure gradient influences the flow and transition occurs 
later than for a flat plate. Furthermore, other influences affect the boundary layer, such as 
the air/water emulsion (described in detail later in this chapter), and this complicates the 
situation further. Figure 4.03 illustrates the boundary layer conditions for various flow 
configurations. 
The importance of the flow breakdown is reflected primarily in the frictional resistance 
values, and also by the wake conditions. 
The flow from the transom will follow the rules associated with the streamlines under the 
hull, assuming a clean release from the transom. For this reason a planing plate will have a 
depression in the water surface behind the transom, assuming a positive trim angle. A 
possible exception to this rule is the case of a plate at a very high trim angle and with large 
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transom immersion at relatively low Froude number, in which case the flow may stall 
around the transom. 
Figure 4.03. Boundary layer characteristics for various configurations. (exaggerated for 
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4.2.4 The Effect of Gravity. 
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The effect of gravity on the spray components is shown by Sedov [1965] to be negligible, 
with the spray falling back down into the clean water surface ahead of the flat plate. Sedov 
proved mathematically that the resistance of a flat plate, planing on a weightless fluid 
(meaning that no waves are formed in the hull wake), equals the spray resistance. The 
effect of including gravity would mean that wave making losses must also be included. 
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At high Froude numbers and for a heavy fluid, the wave and spray resistance would be the 
minor components of resistance, and as the craft further increased speed the frictional 
resistance would become increasingly more predominant. In the ideal case of a weightless 
flat plate planing on a heavy fluid (an ideal situation which modern craft are tending 
towards as velocities increase), there would still be a component of wave resistance 
despite the plate having no displacement, as it would build up a bow wave from frictional 
resistance alone (see Figure 4.04). Note that the trim angle of such an ideal flat plate would 
tend to zero. This is the eventual situation that would be reached by a theoretical, infinitely 
fast hullform, with no air resistance. 
Fi fluid. 
trim angle '=> 0 Erictional . ffow wave region 
4.2.5 The Effects of Form. 
Planing hullfonns exhibit a more complex version of the above characteristics. For 
example a planing hull with deadrise has a spray component and a bow wave component, 
however the forces are vectored out transversely as well as forwards. Again, this has been 
detailed by various authors, including Latorre [1983], who also shows the effect of 
deadrise on the turbulent transition line (detailed in Chapter 2, Section 2.2, Figure 2.05). 
The principal effect of hull deadrise is to reduce the amount of lift attained by the planing 
surface and to increase the yaw stability of the craft; seakeeping is also improved. Another 
effect of deadrise is in the increased sweepback of the stagnation line, and hence of the 
transverse 'camber line' of the planing surface. 
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The effect of rocker in a planing surface is comple~ but if it is assumed that adequate 
curvature is built into the bow to ensure the craft will rise onto its planing surface~ then for 
maximum spee~ the intuitive ideal situation is for zero rocker in the after sections (see 
Figure 4.05a). In simple terms, the incorporation of rocker would cause a suction effect on 
the stem, and thus cause a significant increase in resistance. However, if the hull is 
designed to constantly increase its trim with speed, then constant positive rocker in the 
after sections can help the craft rise onto a smaller planing surface and may achieve higher 
speeds (see Figure 4.05b). With these two classes of hullforms (a and b), the choice of 
propeller is vital; a lifting propeller, such as a surface piercing 'cleaver' should be used 
with hull 'h', since the hull has a 'stem-down' tendency as the speed increases. The upward 
propeller force originates due to the fact that the surface piercing propeller 'works' when it 
chops the water in the last quarter of its downward cycle. A propeller such as a swept back, 
fully immersed and highly skewed 'spoon' propeller would be more suitable for hull 'a', 
should it require help in increasing the trim, by providing a downward force. The 
downward force created by this type of propeller is due to fact that the propeller is most 
highly loaded in the first half of the upward cycle, and this is most pronounced at higher 
inclinations to the flow. 
A planing hull with negative rocker would behave in a similar manner to a planing craft 
with a stem wedge, and is thus only efficient for heavily displaced high speed craft which 
would benefit from the increased lift/drag ratio. The flow release from a hooked planing 
surface such as in Figure 4.05c is inefficient and therefore considered not practical. Very 
high speed craft (discussed later in this chapter) require very little rocker in their form; it is 
usual for such craft to have a small degree of positive rocker in the aft sections only. 
Manual trimming devices, such as transferable fuel ballast tanks (full when head to sea and 
empty when stem to sea), or trim tabs are available for attaining the optimal running 
conditions of a craft. However, if the craft can be designed to incorporate inherent design 
features within the form, for attaining optimal running conditions, then this must be 
preferable. Manual trimming devices are usually incorporated to overcome anomalous 
operating conditions, such as rough weather and 'hump trim' conditions. 
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Fi e 4.05: Stem-u 
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The effect on the boundary layer of varying amounts of rocker is significant as it affects 
the pressure gradient. A longitudinally flat hull will have a laminar layer at the leading 
edge, which will grow in thickness until it reaches some critical point along the hull where 
it deteriorates to turbulent flow. This transition is accompanied by a corresponding 
increase in thickness of the boundary layer (see Figure 4.03). By incorporating rocker into 
the hullform the pressure gradient is increased, and thus the local flow acceleration is 
reduced, meaning that transition to turbulent flow will occur sooner. 
Figure 4. 06a shows a hull of zero rocker with the associated pressure distribution. Figure 
4.06b depicts a similar hullform with some rocker commencing at the midsection of the 
hull and having a gradual effect along the length, whilst maintaining positive trim at all 
locations. The hull in Figure 4.06c has a high curvature near the transom, and the 
associated pressure distribution is illustrated. The locally high rocker of Figure 4.06c will 
cause a locally low pressure, with consequent high velocities and potential for particularly 
turbulent flow. 
The optimum situation in the simplified tenns of rocker and drag, is to achieve a transition 
to turbulent flow which incurs the least resistance between turbulent flow and laminar 
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'suction'. This ideal situation will be accompanied by the smallest achievable boundary 
layer thickness for the given operating conditions. 
Fi e 4.06. Effect of rocker on flow. 
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4.2.6 Deadrise effects on transoms and steps. 
Designers have experimented with many different methods of advantageously 
incorporating the sweepback resulting from deadrise into their hullforms. Savitsky and 
Brown [1976] suggested that re-entrant vee hulls were not beneficial, although his research 
was limited at that time to shallow deadrise hulls of little rocker. Current planing 
hullforms incorporate stepped hulls with up to three different types of steps: 
1. Swept forward. 
2. Straight. 
3. Swept back. 
Based on the fact that at any given speed and trim a planing hull requires a given planing 
area to support its mass (based on the bottom pressure generated), it is apparent that the 
planing surface needs to be of the most efficient shape possible. Aerodynamic theory 
shows that high aspect ratio foils are the most efficient, and swept back steps and transoms 
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appear initially to be the best selection. Attaining the maximum efficiency poses the well 
documented problem of weighing off seakeeping against speed. Figure 4.07 shows planing 
hullfonns with mid-section steps~ assume that each hull is of identical deadrise and rocker 
, 
but has a different step arrangement. By considering the planing area of the mid-section 
only (shaded area), it can be demonstrated that hull 'a' will exhibit larger heave 
accelerations than 'h' or 'c' and that hull 'h' has a much better damping effect to heave 
accelerations (this has been concluded from investigations of actual hulls), however, hull 
'h' is the least efficient shape in terms of speed and resistance. 
Fi 
a: Swept back step arrangement. 
b: Swept forward step arrangemenL 
c: Straight step arrangement. 
The shaded area indicates the forward planing area. 
Transverse stability can be attained through incorporating a swept back step, which 
provides a greater planing area at the beam, and hence a greater righting moment than 
other steps. However if the craft has an extreme beam, then although the hull may be 
largely out of the water, any rolling moment would induce a corresponding yawing 
moment. Through incorporating a mixture of different steps along the length of the planing 
hull an optimum configuration can be established. Figure 4.08 illustrates a planing hull 
with two steps. The forward step aids the craft whilst transitioning to planing, and the aft 
step is intended to distribute the planing area so as to allow the LeG location to be as far 
forward as possible for porpoising stability. The design is optimised still further, since the 
aft sections of the hull have greater deadrise than standard designs, this is to produce the 
aforementioned damping characteristics for this planing area. This hull will therefore be 
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planing principally on the forward planing are~ using the after planing area for porpoising 
stability. This will produce a stable configuration with good heave characteristics 
compared to 'typical' planing forms. The swept back aft step would also provide substantial 
transverse stability. This type of advanced design has been developed recently by Lome 
Campbell Design (Campbell [1994]) and has been incorporated in the high performance 
Shakespeare 960. 
Fi hull with two ste s 
L~ ___ -------~ 
Transom Aft step 
Planing areas 
High deadrise transom 
Forward step out of water 
When planing 
Design concept of the Lome Campbell 'Shakespeare 960' 
A second geometrically similar planing hullform is offered in Figure 4.09, but this time 
incorporating a swept forward step in the low deadrise mid-section of the hull and a swept 
back high deadrise transom. The forward planing area is smaller than in the previous case, 
whilst the aft planing area is larger than before; the craft would thus be planing principally 
on the aft area and motion-damping on the forward area. This would lead to increased 
pitch and heave motions and would also promote an increased roll instability as the craft 
may try to roll off the forward planing area. Conversely, the risk of chine riding would be 
reduced. 
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4.2.7 Step ventilation. 
As the planing craft accelerates to its fully planing condition, it passes through a critical 
speed at which the step will become operative in reducing the wetted area of the hull. At 
this point it is critical that ample ventilation is supplied to the step, by means of a 
channelled air flow or pumped air/exhaust gas system. If this does not happen then the 
craft will not reach its designed speed; it is absolutely vital that sufficient air is supplied to 
unstick the step. Through correspondence with Lome Campbell Design it is suggested that 
as much as 5 per cent of the crafts' speed may be lost at around 40 knots, for a 9.6 metre 
Shakespeare 960, if the step is not able to ventilate correctly. Furthermore, this author 
advocates use of the effect of channelling additional air from a forward facing dynamic air 
vent into the step region, to delay the re-attachment of the flow behind the step, thus 
reducing the total wetted area aft of the step. For this method to be particularly effective, a 
fairing would be required to prevent the injected air from escaping from the sides of the 
step. Ideally the vented air should be fed to the centre of the step as indicated in Figure 
4. 10 since the deadrise of the hull would cause the air to rise and spread outwards. 
A minor drawback of the system depicted in Figure 4.10 is that at low speeds when the air 
tunnel is not operative, there will be a small effect on buoyancy, and hence the running 
conditions. 
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Fi e 4.10. Ste 
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4.3 General Characteristics of Very High Speed Planing Craft. 
Planing hull forms have advanced over the years to a stage where speeds of 40 knots are 
attained at very low resistances. Additionally, efficiencies are improving in terms of both 
powering and design. As technology has improved, so has the ability to design craft that 
can achieve very high speeds. Whilst 40 knots may suffice for ferries, pleasure boats and 
even military uses, the requirement for more speed is always present and is most obvious 
in the racing classes. The Offshore series of racing craft are able to achieve speeds of up to 
120 knots in calm water. At these speeds the aerodynamic forces have a significant 
influence in the overall high speed characteristics of the craft. Apart from the immediate 
lift and drag components of the aerodynamics, there will also be influential secondary 
effects, such as the water surface depression caused by the high pressure air under the hull. 
The analysis of planing craft operating in this modem very high speed planing regime has 
not previously been detailed. This is mainly since naval architects tend to use their 
knowledge in designing craft, and rely on making a series of small modifications to a craft 
during research and development, rather than returning to basics and re-analysing the 
theory. As a result of this, it is only when particularly unusual features of the planing 
regime become apparent that the designer is made to reconsider the situation. 
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An elucidation of the characteristics of very high speed planing hulls shows that the craft 
are designed to plane at very low trim angles, in the region of 2 or 3 degrees, with very 
little planing area. The problem is not one of attaining lift, but of attaining a finely tuned 
minimum resistance with dynamic stability maintained. Furthermore, since modem craft 
are attaining very low resistances, the principal limitation is governed by the dynamic 
stability, which generally decreases as the speed increases. 
4.3.1 Alto-Planing. 
Due to the particularly high speeds that are being attained, combined with the 
exceptionally small trim angles, these craft operate in a 'new' regime. The hydrodynamic 
form resistance of the hull is negligible and the hydrodynamic frictional resistance is the 
principal resistive component. This implies that somewhat different mechanisms are 
responsible for the dynamic behaviour of these craft. Relevant features can be summarised 
as follows: 
1. Predominant hydrodynamic frictional resistance. 
2. Insignificant wave rise in front of hull. 
3. Significant aerodynamic forces on the hull. 
4. Aerodynamic impression on water surface in front of hull. 
5. Turbulent boundary layer under the majority of hull. 
6. Truncated pressure distribution near the stagnation line at the transom. 
This modem high speed regime has been identified by the present author, and is defined as 
'alto-planing'. Figure 4.11 illustrates a craft operating in this new 'alto-planing' regime. 
The components of resistance will include both aerodynamic and hydrodynamic forces. 
The magnitudes of these forces will depend on the form of the craft. It has already been 
stated that modem high speed craft can attain exceptionally high speeds, and at such 
speeds it is possible that the aerodynamic components of lift and drag can exceed those of 
the hydrodynamics. In terms of the hydrodynamic drag components, the wave making 
resistance will be of little significance in comparison to the frictional resistance, which 
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will comprise primarily turbulent frictional resistance, due to the extensive turbulent 
boundary layer resulting from the high speeds. Thus for a flat plate at a very low trim 
angle, any wave created in flat water can be attributed to frictional build-up of water in 
front of the hull, as opposed to being caused by the hull's displacement moving through the 
water. The situation is further complicated by the aerodynamic depression of the water 
surface in front of the hull; at high speeds the line of the air/water interface becomes less 
clean and an emulsion of water and air bubbles is evident (detailed in Section 4.33 and 
Chapter 7, Section 7.4.1). 
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The high speeds attained imply that the craft would be riding on a substantially reduced 
planing area. Since the chine beam is fixed, the wetted length of the planing surface will 
decrease according to the increase in speed, until at some point the stagnation line of the 
hydrodynamic pressure on the hull reaches the transom. At this time the craft is supported 
entirely by aerodynamic lift. Craft operating in the Alto-planing regime experience a 
degree of this phenomenon, and this is validated by the modified wake patterns 
experienced by such craft. The modified wake is detailed in Figure 4.12, and is essentially 
caused by the stagnation line occurring so close to the transom that there is effectively a 
residuary pressure differential on the water after the craft has passed, causing a momentum 
lag. A raised wake is formed behind the hull as the pressure is equalised. Furthermore, at 
these very high speeds, the transom heel must be sharper than normal to prevent diffraction 
of the flow. This concept of unexpected flow release has been observed to occur on very 
high speed racing craft operating on flat water. 
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Fi e 4.12: Modified wake atterns. 
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Whilst the aerodynamic forces increase in magnitude and proportion as the craft speed 
increases, the dynamic stability of the craft generally tends to decrease. Through careful 
design the aerodynamic configuration of the craft can be optimised to reduce instabilities 
and to dampen motions. 
4.3.2 The Ground Effect 
The ground effect has been detailed in Chapter 2, Section 2.6, and Tuck [1984] has 
formulated initial approximate calculations for the lift on an air-supported vehicle over 
water. On a planing hull the free surface will be depressed in the region directly ahead of 
the air/water interface, and this will modify the pressure distribution over the hull. Figure 
4.13 illustrates the free surface depression for a flat plate at fixed trim with various Froude 
numbers. The depression is illustrated as a fraction of the trailing edge clearance for a 
ground effect vehicle, and so these calculations can not be applied directly in this case of a 
planing hull where an actual connection to the water surface is made. However, they are 
indicative of the general trend to be anticipated, and may be applied to catamaran tunnels, 
as shown later in this chapter (Section 4.4). 
68 
It is fairly obvious that a monohull will not experience such significant ground effect 
benefits as multihulls, and thus multihulls will be considered in the next section. 
Figure 4.13: Free-surface depression for a flat plate at fixed trim for various Froude 
numbers after Tuck 1984 . 
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4.3.3 The air/water emulsion 
At very high speeds, due to the aforementioned lack of wave rise in front of the hull, the 
leading edge of the hull at the water line comes into contact with a mixed layer of air and 
water. This mixture has been termed the air/water emulsion and may be several 
millimetres thick. The effect of this emulsion is to reduce the laminar flow under the hull 
and to reduce the dynamic lift on the hull. It is suggested that there would be a 
corresponding variation in the kinematic viscosity of this emulsion, intuitively of a value 
between that of water and air. Furthermore, it is suggested that the emulsion may act as a 
damping layer, damping the turbulence of this boundary layer by the oscillation and 
compressibility of the air bubbles (an effect observed in dolphin skin). This effect would 
result in a reduced wake fraction, since the boundary layer would be of a significantly 
reduced thickness, and this would lead to a reduced skin friction value. 
4.4 Aerodynamics of Catamaran Hulls 
The shape of the aerodynamic ground-effect-induced free surface depression in front of the 
hull will depend on the hull form. The magnitude of the influence of the ground effect on 
the planing hull will influence how much importance should be placed on designing the 
hull for maximum ground effect benefit. For example, if the hull is a catamaran then it is 
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sensible to design the cross-deck for the optimum ground effect characteristics. 
Furthermore, the hulls themselves will have to fit a compromise between a seakeeping 
shape (high deadrise) and an efficient planing shape, the planing form will also be 
advantageous for ground effect benefits. Figure 4.14 shows a catamaran hull which 
incorporates the general features for attaining the maximum benefit from the ground 
effect. Racing catamarans typically have a bow clearance of 12 per cent of the waterline 
length, and this increases for 'working' catamarans. 
Fi e 4.14: Catamaran hull inco 
Body View 
4.4.1 Optimum catamaran cross-deck shape. 
The shape of the cross deck on the catamaran is subject to several variables, such as 
internal hull volume, and conversely tunnel volume, also the angle of attack of the cross 
deck is influential on the craft's dynamic characteristics. To illustrate this point with an 
example, a catamaran has been selected whose tunnel has a fixed forward end position. 
This immediately implies that the aerodynamic drag of the tunnel has a maximum value 
which is based on the height of the tunnel opening. Assume that the aft end of the tunnel is 
below the forward end. Figure 4.15a illustrates the simplest tunnel which is straight, with 
no angle of attack. By increasing the angle of attack of the lower deck surface (see Figure 
4.15b), whilst maintaining the channel flow, the ground effect is exploited and a variable 
centre of pressure is established, which depends on the angle of attack. By reducing the 
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tunnel size at the transom, the tunnel flow can be effectively halte<L thus creating a ram-air 
situation instead (see Figure 4 .15c). The immediate advantage of this is that the centre of 
pressure is fixed and the internal shape of the tunnel plays a different role. Furthermore, 
the ground effect is still significant for a ram-air tunnel. 
When designing the tunnel shape, consideration should be made for the internal hull 
volume in the structure above the tunnel. By lowering the tunnel roof, there is an option for 
increasing the volume between the decks, or for reducing the aerodynamic profile of the 
upper deck. The principal limitation on the tunnel roof height for a ram-air tunnel hull is in 
terms of wave clearance and this will depend on the crafts intended operational sea spectra 
and loading conditions. 
Fi e 4.15: Catamaran tunnel sha s. 
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Asymmetric funnel-tunnelled catamarans as depicted above tend to 'pick up' water or spray 
on the roof of the tunnel when operating in moderate or rough sea conditions. This will 
cause an increase in the added mass and frictional resistance of the craft. Consequently, if 
use of the ground effect in the tunnel is to be optimise<L then consideration should be 
given to incorporating tunnel taper to increase the dynamic pressure in the tunnel, as 
discussed in the next section. 
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4.4.2 Tunnel taper. 
Further tunnel shaping can occur in terms of tapering the tunnel to the transom in plan. 
The hull shapes will influence the plan shape of the tunnel, and will generally lead to a 
funnelling or nozzle effect at the transom. If a ram-air (closed-circuit) tunnel is desired 
then this effect is not strictly relevant to the aerodynamics inside the tunnel, but will 
influence the hydrodynamics of each hull, including any hydrodynamic hull interaction 
effects. Figure 4.16a illustrates the plan of a tunnel hull with parallel hulls and can be 
compared to Figure 4 .16b which illustrates a similar craft with funnelling effect. 
Fi e 4.l6: Tunnel hulls in Ian. 
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4.4.3. Symmetric and asymmetric hull designs. 
Primarily, symmetric catamaran demihulls (depicted in Figure 4.17a) are used for craft 
designed to operate below a length-based Froude number of about 3.5 (which corresponds 
to approximately 60 knots for an 8.5 metre craft). Craft operating above this value are 
generally designed with straight insides to the hulls (asymmetric), as illustrated in Figure 
4.17h. The advantage of the asymmetric hull design for high speed craft is principally due 
to the fact that the water has only to flow around one side of the hullform (waterline flow 
is experienced in this speed regime, rather than buttock flow), thus reducing the form drag. 
When turning, an asymmetric catamaran tends to heel outwards to plane on the outboard 
deadrise surface. For passengers experiencing this turning motion for the first time, this 
can feel somewhat disconcerting. Careful design of an asymmetric hull incorporating a 
small amount of deadrise on the tunnel side of the hull (see Figure 4.17c) would allow a 
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flatter turn to be achievecL but could lead to undesirable hull interaction effects and an 
increased resistance. 
A further complication generally associated with asymmetric catamarans, due to their 
outward leaning turns, is that the hull may lose its grip on the water and slip sideways, 
giving an exceptionally uncomfortable ride. 
Fi etric and As etric catamaran hulls. 
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When designing an asymmetric catamaran, it would be prudent to incorporate a high 
deadrise, symmetrical leading section which would be clear of the water under normal 
planing conditions. If the craft took off from an incident wave then it would land on one 
hull before the other, a symmetrical bow would prevent the high yawing forces that would 
otherwise occur on contact with the water. This advantageous seakeeping concept is 
depicted by the plan view in Figure 4.18, and is another innovation from Lome Campbell 
Design. 
Fi e 4.18: Plan view of favourable a etric and s etric hullform. 
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4.4.4 Tunnel Venting. 
Generally, very high speed catamarans have no problem with suction caused by the tunnel 
shape. If a catamaran does exhibit problems in this area (generally at the lower hump-
speed range), then to reduce the suction problem a method of ventilation must be 
incorporated into the design. Ventilation can be incorporated by various means, such as the 
use ofa step in the deck (see Figure 4.19) or the feeding ofair/exhaust gas into the tunnel. 
Fi e 4.19: Ste d tunnel roof to eliminate suction roblems. 
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4.5 Tri-HuIIs. 
Other high speed planing hullforms have been developed, such as the tri-hull which uses a 
stabilising planing surface on each side of a very narrow principal planing hull. Accurate 
configuration of this type of craft can produce a fast, ultra-stable (stiff) combination. 
Figure 4.20 illustrates the concept of a tri-hull, with its very high length to beam ratio main 
hull. This hullfonn is a hybrid which tries to optimise the aerodynamic forces on and 
around the hull. The stabilising surfaces are connected by aerofoil section surfaces which 
maximise the ground effect. The design of the stabilising hulls is of great importance and 
must be considered carefully to ensure correct trim, beam, offset and volume. The high 
length to beam ratio of the main hull has been shown to produce beneficial motion 
responses in waves, by linearising the motions into, and from, the waves, as well as 
incorporating advantageous use of the ground effect. Furthermore, the connecting decks of 
the stabilising hulls can be aerodynamically faired to incorporate a further stabilising and 
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drag reducing advantage. Craft that have adopted this design philosophy include Nigel 
Irens' "Ilan Voyager", which was a wave piercing version of this concept, and also several 
craft designed by Lome Campbell Design which are raced very successfully in the 
Offshore racing series. 
Fi e 4.20: Tri-hull conti ation. 
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4.6 Future Planing Craft Design. 
It is envisaged that future planing craft will follow the current trend for high length to 
beam ratio hullforms. As engines and propulsion systems become lighter, more efficient 
and more powerful, craft speeds will increase. It is expected that craft will be able to gain 
greater benefits from the aerodynamics of their hullform. Specific design of aerodynamic 
hullforms are therefore expected to incorporate the advantageous ground effect benefits in 
the form of reduced drag and increased lift, but also in terms of beneficial motion damping 
characteristics. 
4.6.1 Curved transoms for control. 
Very high speed craft suffer from oscillatory dynamic instabilities, including chine riding 
and porpoising, which cause not only an uncomfortable ride, but have significant 
detrimental effects on performance. This author has investigated the ability of controlling 
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these instabilities by introducing a degree of curvature to the transom of the hull. The 
effect of this is to cause a local suction which would help the boat to 'grip' the water and 
thus reduce instabilities; the pay-off, as always, would be an increase in resistance. 
4.6.2 Active stabilisation. 
Currently, few high speed planing craft use active stabilisation techniques, such as active 
fin stabilisers or active trim tabs. It is envisaged that in the future high performance craft 
may be designed to operate beyond their dynamic stability limits, thus requiring active 
stabilisation whilst in their operational mode. This concept is not new in itself and has 
been seen within the aeronautical industry for several years, with various combat and strike 
aircraft employing active stabilisation techniques to remain in stable flight. 
4.6.3 Aerofoils. 
The use of aerofoils on high speed craft is the subject of some controversy; various 
designers have opposing ideas as to the benefits of using aerofoils on their craft. An 
aerofoil can be used to reduce hydrodynamic drag, promote dynamic lift, increase the 
dynamic transverse stability and to provide control of porpoising, hence increasing the top 
speed of the craft. Unfortunately aerofoils are usually misused by general pleasure craft for 
mounting horns, flags, aerials and other brigalia, and have been used as a sales gimmick 
rather than a serious means to improving efficiency and stability. 
The longitudinal position of the aerofoil will influence the magnitude of the moment 
applied by the aerofoil about the centre of the gravity of the hull. This is discussed further 
in Chapter 6, Section 6.2.3.8. In general practice, aerofoils have been used near the stem of 
high speed craft, to lift the stern, thus reducing drag, and also to delay the inception of 
porpolsmg. 
By incorporating dihedral and sweepback into the aerofoil, the foil will be able to provide 
transverse stability. The amount of dihedral will depend on the maximum expected roll 
angle of the craft. The application is straightforward; as the craft rolls, the lower section 
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provides a greater vertical lift component than the upper section, hence creating a righting 
moment. 
A fixed aerofoil suffers when there is an external wind component acting on the craft; a 
moderate crosswind will cause the craft to lean to windward. To counter this an active 
aerofoil could be used, with the aforementioned benefits of an active control system. 
4.7 Discussion. 
This chapter has been concerned with the analysis of high speed planing craft. The 
resultant effects of particular hydrodynamic and aerodynamic mechanisms have been 
considered, such as pressure distributions and boundary layer effects. Design concepts 
pertinent to varying deadrise and hull step arrangements have been considered and 
although no single 'ideal' hullform has been identified, it has been shown that careful 
design can lead to a finely optimised hullform. A hullform can only be optimised for one 
set of design conditions, consequently different designers may evolve their own 'top of the 
pyramid' optimum hull design. Figure 4.21 illustrates how, for a given scenario, one 
designers' optimum hull design may evolve to a higher performance level than another 
designers' optimum hullform. This also indicates why research and design is so vital for 
attaining the optimum form of the craft in the first place. 
Fi e 4.21: Com arison of 0 timum hull desi 
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It can be seen from the above diagram that design team 'd' have developed the most 
perfonnant model for the given criteria, in spite of having started their design with a less 
perfonnant craft, although of course practically this may not always be the case. 
In addition, this chapter considered the characteristics of very high speed craft, with 
particular reference to very high speed craft operating at the top of their operational 
spectra. It was stated that Offshore racing craft may achieve as much as 120 knots in 
favourable conditions, and that craft operating in such high speed conditions are subject to 
a different set of conditions than when operating in the mid-range of their performance 
envelope. This perceived new regime of operation has not previously been detailed and has 
been defined within as 'Alto-Planing (Alto ~ highest). Primary features governing the 
characteristics of craft operating in this regime are as follows: 
1. Predominant hydrodynamic frictional resistance. 
2. Insignificant wave rise in front of hull. 
3. Significant aerodynamic forces on the hull. 
4. Truncated pressure distribution near the stagnation pressure, due to transom proximity. 
Secondary features of this regime are detailed and include the ground effect, with an 
associated impression on the water surface in front and underneath the hull. 
Tertiary effects are discussed and include the insignificant wave rise in front of the hull 
and the associated air/water emulsion created at the leading edge which causes a 
breakdown of the laminar flow. 
Finally, catamaran and multi-hull craft are considered. The aerodynamics of the catamaran 
are discussed and it is shown that many alternatives exist for the setup of the catamaran 
cross deck structure. These alternatives are eventually dependant on the designers' 
judgement. At this time there has not been sufficient research and testing of various 
configurations to claim that one setup is better than another. 
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CHAPTERS 
A METHOD OF PERFORMANCE PREDICTION. 
5.1 Introduction. 
This chapter explains an approach to performance prediction and the implementation of 
the computer program 'APL-21 '. A breakdown and explanation of the program subroutines 
is given. The program limits and flexibility are explained and some examples are given. 
Program source code for the primary calculations undertaken can be found in Appendix 1. 
The APL-21 program is a design and analysis tool, rather than for the single analysis type 
predictions which Savitskys tabulated method performs, although this option is also 
included. This tool was intended to help the designer attain the best hullform for a given 
statement of requirements by providing comprehensive knowledge of the planing craft 
performance and running characteristics. By investigating the effects of varying the input 
parameters within the limits imposed by the requirements for the craft, the designer can 
quickly establish an idea of what the most suitable hullform would look like. Hence this 
program is identified a being a tool for design and analysis. The APL-21 program 
incorporates the following: 
1. Hull Hydrodynamics. 
2. Aerofoil. 
3. Transom Flap. 
It will be seen in Chapter 7, Sections 7.4.1 and 7.4.3, how the aerodynamics of the hull can 
be incorporated into the calculations for lift, drag and equilibrium. Further examples are 
given therein. 
5.2 The Calculations. 
The empirical calculations are given in imperial units, due to their US origin, although the 
computer program 'user interface' recalculates all units to and from S.l. units, except for 
the speed units, which remained as knots. 
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The equilibrium conditions of a planing craft refer to the equilibrium of the forces in the 
horizontal and longitudinal directions as shown in Figure S.OI, such that there is no 
resultant moment about the centre of gravity of the hull. The running trim~ resistance, draft 
and other resultants at this condition are termed the 'equilibrium variables' i.e. equilibrium 
trim. The equation for equilibrium of a prismatic planing craft is given by Savitsky [1964] 
as: 
{[I - sin 't sin( 't + E) 1 c .} ( ) d - f SIn 't + DF a - f = 0 cOS't [S.Ol] 
This equation incorporates the moments of the hydrodynamic forces about the centre of 
gravity of the prismatic planing hull. As the planing craft is treated as a more complex 
system there are further calculations that can be incorporate~ these include calculations 
for trim tabs, aero foil sections and the aerodynamic lift and drag of the hull, as well as 
including the resistance of propulsion devices and other appendages. 
Trim tab calculations are described by Savitsky and Brown [1976] and are as follows: 
d F =0.046LFOcrb[j{V2 ] 
DFF = o. OOS2dF( 't + 0) 
MF = d F[0.6b+LF(1-cr)] 
HF = 0.139dFLF 
[S.02a] 
[S.02b] 
[S.02c] 
[S.02d] 
dF is the flap lift increment (pounds), Dp is the flap drag increment (pounds), MF is the 
moment about the trailing edge of the flap and HF is the flap hinge moment. Note that the 
point of action of the force dF is at [0.6b+LF(1-cr)] as given for MF· These equations are in 
terms of flap deflection (0) and flap-span to beam ratio (cr). 
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Fi e 5.01. Forces on a lanin craft at moderate sed. 
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The calculations for the inclusion of an aerofoil have been simplified, since the interest in 
including an aerofoil was to determine its usefulness in applying a moment about the 
centre of gravity, rather than to determine the specific effect of a particular aerofoil. The 
equations governing the lift and drag of an aerofoil are given below, and take no account 
of sweepback, wing washout, dihedral, or ground effect: 
[5.03a] 
[S.03b] 
The value S was taken as the plan area of the wing. The wing section was of a standard 
form and thus the data of the behaviour of its of lift and drag coefficients at various 
incidences could be attained and were incorporated within a Lagrange polynomial, 
referenced by a routine within the program. The distance of the aerofoil centre of pressure 
from the transom heel (the normal planing hull datum point) is given by LCAA and VCAA 
[Bate 1991]. 
If the aerodynamic lift and drag of the planing hull can be calculated, then these forces will 
act through the hull aerodynamic centre of pressure, of which the longitudinal and vertical 
distances from the transom root are given as LCAL and VCAL [Bate 1991]. During the 
initial development of the computer program, the aerodynamics of the planing hull have 
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not been included, but are detailed in Chapter 7, Section 7.4. The equilibrium condition of 
a prismatic planing craft with trim tabs and an aerofoil section is given by the following: 
il.[((l-(Sin( 't+E ).Sin't».c/Cos't )-fSin't] 
+ ~.(a-f) 
+ LFF·(LCG+h-HF) 
+ ~F·(g+VCG) 
+ LAA·(LCG-LCAA) 
- DAA·(VCAA-VCG) 
- LAH·(LCAL-LCG) 
- D AH.(VCAL-VCG) 
=0 
HULL HYDRODYNAMIC LIFr MOMENT 
HULL HYDRODYNAMIC DRAG MOMENT 
FLAP LIFr MOMENT 
FLAP DRAG MOMENT 
AEROFOIL LIFr MOMENT 
AEROFOIL DRAG MOMENT 
HULL AERODYNAMIC LIFr MOMENT 
HULL AERODYNAMIC DRAG MOMENT 
[5.04] 
These forces and moments are shown in Figure 5.02: 
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Calculation of the output variables was undertaken for every iteration of the program, 
these output variables were written to a file during each cycle when equilibrium was 
attained. The follOwing are the calculations used to detennine the significant perfonnance 
characteristics of the craft: 
Total resistance: 
DT = DF +DFF +DAA 
Required total effective power: 
PE = DT'Vs 
Wetted keel length: 
Lk = (A. b)+( b.tan~ ) 
2.1t.tan't 
Wetted chine length: 
Lc =(A.b)-( b.tan~ ) 
2.1t.tan't 
Draft of keel at transom: 
d = Lk.Sinte 
5.3 The Program. 
[5.05] 
[5.06] 
[5.07] 
[5.08] 
[5.09] 
The program 'APL-2I' (written in the 'C ++' language) runs on a PC compatible computer 
which should be at least a '386' with a maths co-processor. The CONFIG.SYS file should 
include the line 'DEVICE = C:/MSDOS/ANSI.SYS' which incorporates additional 
programming features that are not available in standard DOS, in particular this includes 
the use of extended keyboard codes. 'APL-2I' contains over 1000 lines of code and has 
been written and updated over a period of three years. The principal routines of the 
program are shown below in Figure 5.03. 
Fi e 5.03. Princi al routines of ro am 'APL-2I'. 
Vary Trim Vary 2 Var's 
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5.3.1. Data input requirements. 
Setup offers the following options: 
• Read a hull data file. 
• Input the hull data from the keyboard. 
• Use data for a test hull stored in the program. 
• Set aerofoil data. 
• Set trim tab configuration. 
Input and output data are in metric units for ease of use and comprehension, and are as 
follows: 
The hull data required includes the following inputs: 
• Displacement (Kg) A 
• 
• 
• 
• 
• 
• 
• 
• 
Longitudinal Centre of Gravity (m) LCG 
Vertical Centre of Gravity (m) VCG 
Beam(m) b 
Deadrise (Degrees) f3 
Speed (Knots) v 
Trim (Degrees) 't 
Distance between thrust line and VCG (m), normal to thrust line f 
Thrust angle (Degrees) E 
The aerofoil data requires the following inputs: 
• aerofoil plan area (m2) S 
• Horizontal centre of pressure from hull C.G. (m) Xcp 
• 
• 
Vertical centre of pressure from hull C. G. (m) Zcp 
angle of attack (Degrees) (l 
The input data required for the trim tabs are: 
• Trim tab chord (m) LF 
• 
• 
Trim tab span/beam ratio. cr 
Trim tab deflection (degrees) 8 
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5.3.2. Single input/output calculation. 
'Single i/o' is the simplest of the calculation routines and performs a single computation of 
outputs for a given set of inputs, irrespective of equilibrium values, as shown in Figure 
5.04: 
Fi e 5.04. Sim lest calculation routine. 
Initialise Variables 
L..--_op-_ ..... 
---Source code for this module is given in Appendix 1 
Print Output on Screen 
5.3.3. Performance analysis for a variation in trim. 
'Vary Trim' calculates the outputs over a range of user-defined trim values as illustrated 
in Figure 5.05. The equilibrium trim value is determined as well as the minimum 
resistance trim (assuming they fall inside the user-defined limits). The only input to be 
altered is the trim, all others remain constant. 
Fi e 5.05. Variation of trim 
Until Trim = 
Trim Max 
Open File ''Trim.Oat'' 
Initialise Variables 
Calculate ---Source code for this module is given in Appendix 1 
Check for Equilibrium and R(min) 
Print outputs 
Increment Trim 
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In 'vary trim' the outputs are printed to the screen and to a file; the screen data is therefore 
updated after each consecutive calculation and a file containing the required output data at 
each trim angle is produced. 
5.3.4. Performance analysis for the variation of one other input variable. 
'Vary Var' is similar to 'vary trim' but the variable is one of the other inputs, and an extra 
loop is included, as can be seen in Figure 5.06. 
This time the trim is incremented until equilibrium is reached. These equilibrium variables 
are then printed to the data file and the input variable is incremented. All other variables 
are then reset before the sequence recommences. Once the input variable reaches its 
maximum (user-defined) value, the function returns control to the first menu for the user's 
next command. 
Fi e 5.06. Variation ofa sin Ie variable. 
Var++ 
Get Variable Umits 
(Varlow. Varhigh) 
Open File I8cVar.Dat" 
- This module is given in Appendix 1 
Print Equilibrium Variables 
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This way, variations of displacement, LCG, VCG, beam, deadrise and speed can be 
undertaken and analysed. Comparison of the data can allow optimisation of the hullfoTm. 
5.3.5. Performance analysis for the variation of two input variables. 
Vary 2 Var's comprises the above 'vary var' but also incorporates another outer loop for a 
second variable, shown in flowchart format in Figure 5.07. 
The additional loop for variable 2 is implemented each time variable 1 reaches its 
maximum (user-defined) value, until variable 2 reaches its (also user-defined) maximum 
value, whereupon the program returns to 'first menu'. 
Fi e 5.07. Variation of two variables. 
Var++ 
Var2 ++ 
GetVariable2 Limits 
Get Variable Limits 
(Variow. Varhigh) 
Open File U&Var.Dat" 
-- This module given in Appendix 1 
Print Equilibrium Variables 
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This method allows further analysis of planing hull characteristics and optimisation can be 
undertaken for two input variables simultaneously. 
5.3.6. Performance analysis for variation of the longitudinal location of an aerofoil. 
'Aerovary' calculates the outputs as LCAA is varied over a user-defined length of the hulL 
The flowchart for 'Aerovary' is shown in Figure 5.08. 
Fi e 5.08. Variation of aerofoil centre of ressure. 
Open File "Aero.Dat" 
Initialise Variables 
- This module is given in Appendix 1 L....-___ --' 
Xcp++ 
No 
5.3.7. Display of output variables. 
'Show Output' offers a list of the 'special condition' outputs (minimum resistance or 
equilibrium conditions) for viewing or writing to a data file. The data written to a file was 
formatted so that a standard spreadsheet could be written for plotting the data. 
5.3.8. Resetting the program defaults. 
Reset allows the hull, trim tab, aerofoil or all inputs to be reset, either to zero or to some 
new defined value. 
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5.4 Application of the Program. 
A great advantage of this program is that further calculations could be appended at a later 
date, for example when calculations for the hull aerodynamics become available they can 
easily be included in their own subroutines. Furthermore, additional features to the menus 
can easily be included. This made the program a particularly user-friendly design tool. 
The limits of applicability of this method are given by Savitsky [1964] and are as follows: 
• 0.6:s; Cv :s;13.0 Cv = Beam Froude number or speed coefficient. 
• A :s; 4 A = mean wetted length to beam ratio. 
• 2.0 :s; 't :s; 15.0 't = Trim in degrees. 
• J3 :s; 25 J3 = Deadrise angle in degrees. 
Savitsky suggested that the empirical equations are valid for trim angles between 2 and 15 
degrees, however the results appear reasonable for trim angles down to 1 degrees. This is 
principally because the calculations can extrapolate accurately beyond the empirical data, 
whereas interpolation of the graphical results leads to small, but significant errors. Figure 
5.09 illustrates the results of a computation of the total effective power against trim for a 
55 knot, 105 tonne planing craft. It can be seen from the dashed line that below 1 degrees 
the extrapolation of the data becomes erroneous (indicated by the steep rise in effective 
power). This value of 1 degrees varies for different hull configurations and may be as low 
as 0.5 degrees in some cases (the designer is required to make an assessment of when the 
trim becomes unacceptable by checking the output data for unrealistic numbers). 
Fi e 5.09. Ora h of effective 
2.S0E+07 
&. ~ 2.00E+07 
Q) 
~ in 1.S0E+07 
a.i 
~ ! 1.00E+07 
°n S.OOE+06 ::g 
w O.OOE+OO 
Effective Power against trim 
o 5 
Trim [degrees] 
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The values of speed coefficient suggest that these calculations are valid for the extreme 
case of a craft of beam 4m travelling at 120 knots (61.73 mls). Calculation of the speed 
coefficient is shown in equation [5.10]. 
Cy = VI =(120X 0.5144)/ ) = 9.85 l.Jg.b 1.J9.81x4.0 [5.10] 
If this same craft had a mean wetted length to beam ratio of 1.0, then its mean wetted 
length would be about 10 metres and an overall length of say 15 metres could be estimated 
(depending on the trim and hull configuration). This relates to offshore racing powerboats 
and would suggest that this procedure is applicable to even the fastest of craft in current 
production. A typical deadrise angle of 18 to 21 degrees also fits within these limits. 
Conversely, if a heavily displaced craft was operating at 55 knots (Cy = 3.38 for b=7.15m), 
and A = 5, then it would displace about 105 tonnes with an overall length of about 55 
metres, CB=O.55; again an extreme example which fits the limits, and shows the capability 
of the program. 
5.5 Validation. 
5.5.1 Validation of prediction of bare hull resistance. 
As a means of validating the program APL-21, comparisons were made with ship trials, 
model data and other resistance prediction methods. These comparisons were made in 
terms of the effective power and general running conditions (equilibrium conditions) such 
as wetted length and transom draft. Comparisons with trials data were carried out for the 
33 metre Atlantic Challenger 'Gentry Eagle', and the 17 metre Vosper Thomycroft craft 
'Viper'. Comparison of the running conditions of a further hullform was made with those 
predicted by Lome Campbell Design, using an 'in-house' method. Also a comparison was 
made with the single prediction given by Savitsky [1964]. Specific results of the 
comparisons are given in Appendix 2. 
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The trials results for Viper and Gentry were given in terms of shaft power, in Watts, and to 
assess these results with the predictions an overall propulsive coefficient (Ope) was 
introduced from the following: 
1. The quasi-propulsive coefficient 11D (or QPC) IS derived from the following 
relationship: 
PE(Full) 
11D =--=---
PD 
[5.11] 
Where the effective power (PE) includes a full PE build-up, with correlation allowance, 
aerodynamics, appendages and all other allowances included. 
2. The shaft power Ps, measured during trials, is related to PD by the following: 
Ps = PD 
l1s 
[5.12] 
3. The relationship between the bare hull effective power, determined by predictions or 
model tests (or both) and measured shaft power can be determined as a propulsive 
coefficient. PE(BH) usually incorporates the correlation allowance. 
oPC= PE(BH) 
PD /l1s 
or 
oPC = PE(BH) 
Ps 
[5.13] 
4. The 11D is also a function of11H' rotative efficiency 11R and open water efficiency of the 
propulsor 110, as follows: 
11D = llH "llR "110 
or 
[5.14] 
or 
oPC = 11D· 11A "l1s 
5. From knowledge of the hull fonn and dimensions an assessment of the wake and thrust 
deduction can be made. This information would be principally available from 
empirical data for similar craft, self-propulsion tests if possible, as well as from 
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prediction techniques. From these factors the hull efficiency llH can be calculated if 
required: 
1-t 
llH=--
1- mt [5.15] 
Evaluation of the Viper trials data and the computer-predicted powers have resulted in a 
range of OPC being calculated (using equation 5.13). The OPC were about 0.65 with a 
small reduction to 0.62 as the speed increased. The OPC from the model test data were 
calculated also, and indicated lower OPC of between 0.60 and 0.58, using a CA of 0.0004 
and the 1957 ITTC friction correlation line. 
The Gentry Eagle data was analysed similarly and OPC of between 0.53 and 0.59 were 
calculated. The model data again provided lower OPC, between 0.51 and 0.54, again using 
a CA of 0.0004 and the 1957 ITTC frictional correlation line. 
The comparison of PE with the Campbell Design predictions showed that this authors 
method predicted higher. This method of analysis is only useful as a comparative measure, 
a mean difference of 8.6 % of the APL-21 predicted values was calculated. The difference 
between these two methods can be accounted for since Campbell Design use an empirical 
method and empirical OPC to arrive at the predicted Ps. The Campbell Design prediction 
incorporates a CA of 0.0004 and the 1957 ITTC friction correlation line; the OPC have not 
been given. 
A similar comparison of predicted PE can be considered by comparing the prediction given 
by Savitsky [Savitsky 1964]. In this case the APL-21 prediction was 2.1 % lower. 
In the cases of Viper and Gentry, the model test OPC were somewhat lower than for the 
APL-21 predictions, it is of value to consider this further. The following explanation is 
given to show that model test results require a higher correlation allowance when 
predicting the total shaft power requirement, compared with the computer prediction: 
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1 The QPC is fixed (by the physics of l1H, l1R and 110) so it can be used as a constant 
measure to help assess the OPC, which is variable, depending on the method of 
obtaining PEe (i.e. the lower OPC for the model test data than the predicted data) 
2 
3 
4 
5 
If the OPC is low then l1n.1')A.TJs is low (from equation 5.14). 
l1A· 1')S is constant, since whether measured or predicted l1A.l1S is independent. 
If the OPC is low then 1')n must therefore be low. l1n is proportional to PE(FULL) 
(from Equation 5.11). 
In this analysis, PE(FULL) is comprised of PE(BH), the correlation allowance CA and 
the power to overcome the aerodynamic drag. The latter component can be taken as 
constant since the aerodynamic drag must be calculated by the same method for 
either PE build up. 
6 It is assumed that the measured resistance's for Viper and Gentry were accurate. It can 
thus be concluded that the prediction of total shaft power requires a higher correlation 
allowance if the model test and computer prediction are to agree. 
The Viper model test data did not include a force at the propeller to simulate the propeller 
lifting forces (ITTC Method C for high speed marine vehicles [ITTC Report 19901). This 
meant that an error was incorporated in the running trim and hence in the measured 
resistance of the model. The change in trim would cause a change in the running 
conditions, including wetted surface area, thus affecting the resistance of the craft. 
Different OPC values are obtained from different methods of PE prediction. The method 
used should be consistent so that a reliable correlation allowance can be incorporated from 
the use of a database of predictions and measured trials data. 
5.5.2 Prediction of total shaft power. 
In practice all the components of resistance would be required for an accurate prediction of 
the total shaft power. The following would be incorporated: 
• Predicted naked hull resistance (from model tests or a prediction technique). 
• Appendage allowance. 
• Correlation allowance. 
• Aerodynamic resistance. 
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In the PE analysis, the appendage allowance could be calculated in various ways. If model 
tests were used then the naked hull frictional resistance could be calculated from the 
running wetted surface area, and the residuary resistance could be calculated. The model 
could then be re-run with appendages to determine their effect and this value could be 
scaled using an appropriate scale factor 13. If model tests were not run then the prediction 
would require an alternative means of incorporating an appendage allowance. For 
preliminary predictions, Blount and Fox [1976] offered a simplified method of calculating 
an appendage coefficient as follows: 
1 
l1A=------
0.005Fv2 + 1. 05 
[5.16] 
A more detailed study of appendage resistance was reported by Hadler [1966], and a 
method of predicting the appendage drag is given therein. Hadler [1971] also included 
some graphs for preliminary prediction of appendage coefficients. 
The correlation allowance would depend to some extent on the available empirical data for 
other allowances. If a lower appendage coefficient was incorporated then the prediction 
might incorporate a higher correlation allowance. Generally an allowance of 0.0003 to 
0.0004 would be used, depending on the Reynolds numbers of the model and ship, and 
friction line used. 
The aerodynamic resistance would usually be crudely calculated based on frontal area, 
using a drag coefficient method (typically a drag coefficient of 0.6 to 0.7 is us~d). This 
method is inaccurate and highlights the need for a better understanding of planing craft 
aerodynamics. This topic is furthered throughout Chapter 7. 
The required Ps could then be determined from equations 5.13 and 5.14. The ope could 
be based on empirical data or other sources. If l1H and l1R were unknown, then it is 
possible to incorporate a correlation factor l1p in a similar manner to Blount and Hankley 
[1976]: 
[5.17] 
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This method incorporates the hull and rotative efficiencies and may also incorporate other 
unknown factors which comprise the residuary resistance. Blount and Hankley offer two 
sets of correlation factors 'I1p, firstly for 'ease of build craft' with stock propellers, and 
secondly for data from model tests and Gawn-Burrill propellers. 
5.5.3 The influence of the propulsor. 
The interactive components, such as thrust deduction, wake and propulsive efficiency 
elements, can be affected by cavitation, ventilation and propeller shaft inclination. These 
may also depend upon the analysis procedures chosen. Cavitation effects require a separate 
analysis, since self-propulsion tests are undertaken at atmospheric pressure and are not 
fully representative of full scale propulsion effects. Assessment of open water 
characteristics of propellers should be undertaken at the angle of inclination of the shaft. 
WateIjet open water tests are undertaken with a straight inlet, and thus a further allowance 
is required for the thrust deduction due to the inlet. The thrust deduction is intended as an 
increment of ship resistance due to the propulsor action. Conversely, the wake fraction is 
influenced by trim, free-surface effects and appendages and is largely affected by the type 
and position of the propulsor. 
An insight has thus been given of how 11H and 110 are related to the performance of the 
craft. The relative rotative efficiency is assumed to be the same for model and ship (if it is 
known at all). Blount and Fox [1976] report thrust deduction values (l-t) of 0.92, and 
wakes (I-rot) of between 0.97 and 1.06. Hadler [1971] reports a variation in 'I1D of between 
0.75 and 0.55 for a series 62 hull with twin partially-cavitating Gawn-Burrill propellers. 
Surface piercing propellers and mixed-flow wateIjets have open water efficiencies of 
around 70% at the design point, with the advantage of low appendage resistances. Shaft 
losses are usually about 1 % on modem craft, and transmission losses may be as much as 
2.5% for larger gear boxes. Rotative efficiency never usually exceeds about 3.50/0, but is 
normally about 1 %. 
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The APL-21 program calculated the friction coefficient using the 1957 ITTC correlation 
line, although the Granville and ATTC lines are also very similar at Reynolds numbers 
above 107. Below this value, the ITTC line is steeper and thus smaller correlation 
allowances are required using this method. A correlation allowance of 0.0004 was also 
incorporated. The temperature and thus viscosity of the water were taken as 15 degrees 
Celsius and 1. 1883x106 m2/s, and the density of the sea water was taken as 1025 KglM3. 
5.6 Discussion. 
A program has been developed according to the research requirements, and the perceived 
needs of naval architects. The program 'APL-21' incorporates calculations for 
hydrodynamic lift and drag, trim tabs and an aerofoil. It is easily adaptable for testing 
alternative design requirements and allows scope for including additional resistance and 
powering calculations as and when available or required. For example the addition of a 
force at the transom to simulate the lift from a surface piercing propeller could be included 
in a straightforward manner. This is important since such forces have significant effects on 
the trim and hence equilibrium running conditions of the craft. Furthermore the modular 
manner in which the program was written meant that further calculations for the hull 
aerodynamics could be incorporated at a later date. 
A means of optimising the form parameters of planing craft is offered, by varying one or 
two input variables and plotting curves of the predicted results for analysis. Interpolation 
between the outputs would indicate to the designer what form to use, with limitations 
imposed by the given envelope of requirements. This method allows a designer to derive 
the most suitable hull form in the minimum amount of time, and is not restricted to 
empirical data sheets for particular series of craft (such as the Series 62 forms). This is 
particularly useful when designing a novel form, and when a family of craft has reached 
the end of the performance envelope. 
The program has been tested to ensure that its limitations are defined (as opposed to those 
limits set out by Savitsky). It was found that computationally there were no limitations 
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introduced, so the sole restrictions are those imposed empirically by Savitsky. Furthermore 
extrapolation beyond previous limits for trim have been investigated and found to provide 
reliable data for the range down to 1.0 degree; this is important since very fast craft 
operate at substantially lower trim angles than most craft. The designer must decide 
whether the prediction is reliable or not through comparison with other data. 
Finally, it has been shown that the program has been validated by comparison with 'real' 
data, and with other prediction techniques. It has been found to be reliable and valid within 
the grounds of the previous discussion of the limits. It has been stated that enhanced 
accuracy is gained through familiarity with using the prediction method and through 
building up a correlation database. The assessment of propulsive coefficients has been 
seen as an useful component in the determination of shaft power requirements. These 
values will vary between different designers, depending on the prediction method used, 
and it has been shown how an absolute accuracy is not applicable in terms of the effective 
power, within this context. 
In the computer prediction for Viper, given in Appendix 2, an arbitrary ope of 0.60 has 
been used to approximate the shaft power requirement for up to 90 knots. To install this 
amount of power was not considered for the given requirement of the craft (a small and 
fast (60 knot) missile attack craft). Should a requirement arise for a 90 knot version, then 
larger engines developing the predicted 7.135 MW would be required. This would have the 
effect of increasing the displacement of the craft, which in turn would have an effect on 
the resistance and running characteristics (increased trim) and so the form would require 
some modification. Deadrise and rocker adjustments would be likely to be sufficient for 
the additional speed. The justification for additional length would be steered by the new 
role of the craft (e.g. additional volume may be required internally). Structural loading 
would be greater at the higher speeds and thus the structural weight would be increased to 
allow more strengthening. 
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The surface piercing propeller on Viper and the wateIjets on Gentry act as a fonn of 
engine dynamometer, where the power absorbed is proportional to the RPM. Limitation of 
this principle occurs due to the following: 
I. Air ingestion to the wateIjet or aeration of the propeller face. 
2. Power limitation due to the engine governor. 
3. Excessive cavitation. 
These propulsors are fundamentally different in design and operation to typical fully 
immersed fixed pitch propellers, for which the power absorption and RPM are dependant 
on boat speed, and a single design point is selected. 
At higher speeds than those recorded during trials, these propulsors should be redesigned 
to take out full power at maximum RPM. For a given maximum engine power, greater 
thrust could be produced by increasing the RPM, until the limiting RPM was reached. In 
the case of Viper, the propeller was overloading (torquing) the engine due to excessive 
pitch and/or excessive blade area. This meant that the propeller was not reaching the 
limiting RPM and more thrust was theoretically available. In the engine diagram illustrated 
in Figure 5.10 it can be seen that the propulsor runs up the (approximate) cubic law curve 
until it reaches either maximum power or maximum RPM. If torque limitations occur then 
the propulsor curve is to the left, and if RPM limitations occur then it is to the right. 
To achieve the higher speed of 90 Knots (assuming that the engine power or RPM could 
have been provided) the propeller would require repitching (or adjustment of the blade 
area). If more power was available then the propeller pitch should be increased (for a given 
maximum RPM), and for greater RPM the pitch should be reduced (for a given maximum 
power), as indicated in Figure 5.10. If more power and RPM were available then the 
propeller should be designed to take out full power at maximum RPM. Furthermore, the 
effect of increasing the displacement would be to increase the power requirement, thus 
increasing the engine torque. To accommodate the increase in torque, the propeller pitch 
should be reduced or the RPM increased, if possible. 
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The open water efficiencies of the propulsors would increase with speed until significant 
cavitation occurred. The overall PC would be expected to reduce at higher speeds, as the 
naked hull resistance becomes a significantly smaller proportion of the total resistance. 
Fi 
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The problem of correlation of model and ship resistance has been discussed. It is important 
for the designer to be aware of where the ship and model lie on the selected correlation 
line and it is also important that the model is running in a turbulent regime (the largest 
model that can be practically tested should be used). The incorporation of turbulence studs, 
varnish/sand/sugar and flow trip-wires all having been used in the past to trip the flow. For 
small models this point of ensuring turbulent flow is particularly important due to the 
smaller Reynolds numbers. Laminar flow along the hull could result in a CF of about 0.26 
times the turbulent value at a Reynolds number of 1x106 [Hoerner 1965]. Additionally, the 
Reynolds numbers of small models tend to be in an area where the associated CF may vary 
considerably depending on the correlation line used, and hence it is important to establish 
a consistent approach. 
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CHAPTER 6. 
THE EFFECT ON PERFORMANCE OF VARYING THE 
HULL FORM 
6.1 Introduction. 
In order to gain an insight of the perfonnance characteristics of high speed planing craft an 
analysis was undertaken of the effect of the hull configuration on the output running 
characteristics. A computer program was written to perform the required calculations and 
has been detailed throughout Chapter 5. These calculations were computed to determine 
the planing equilibrium conditions as a pre-selected hull input variable was varied over a 
set range. The output characteristics were written to a data file and then imported to a 
spreadsheet for viewing in graphical fonn. 
6.2 Preliminary Analysis and Optimisation. 
Various hull fonns are considered within this study and the analysis and eventual 
optimisation of the configuration is detailed. It is intended to show how the computer 
program can be implemented to detennine the most suitable form and running conditions 
ofa craft. 
6.2.1 Method. 
The hull configuration was as follows (This form will be referred to as 'Hull A'): 
• Displacement: 82400 Kg. 
• LCG: 9.37 m. 
• VCG: 1.0m. 
• Beam: 7.30 m. 
• Deadrise: 18 degrees. 
• Speed: 48 knots. 
• f: 0.5 m. 
• E: o degrees. 
• 
Nominal trim: 4.0 degrees. 
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The follo~ng are the input parameters that were varied individually: 
• DIsplacement. [Kg] 
• LCG. [m) 
• VCG. [m] 
• Beam. [m] 
• Deadrise. [degrees] 
• Speed. [Knots] 
• Trim. [degrees] 
• Aerofoillongitudinal centre of pressure from transom (LeAL). [m] 
The following are the output characteristics that were plotted against the variable: 
• Resistance [N] 
• Power (Effective) [kW] 
• Wetted keel length (Lk) [m] 
• Wetted chine length (Lc) [m] 
• Draft of keel at transom [m] 
• Equilibrium trim angle (re) [degrees]. (The running trim angle at which all the 
moments about the hull centre of gravity sum to zero~ and the angle at which the other 
outputs are plotted.) 
6.2.2 Results. 
Principal data from the calculations are presented within this chapter and further data is 
contained in Appendix 3 for reference. 
6.2.3 Discussion. 
6.2.3.1 Displacement effect 
Primarily, the expected result was that as the displacement was increase~ so the resistance 
increased. Secondly, the running (equilibrium) trim of the craft increased as the 
displacement increase~ this would be to attain increased dynamic lift to support the 
increased load. The wetted keel length reduced in accordance with the increase in running 
trim, and the wetted chine length increased as the hull was displaced further, again a result 
of the increased trim. The transom immersion followed the trend of the wetted chine 
length and increased gradually. The net effect of increasing the displacement suggests that 
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the craft required increased dynamic lift, which it attained primarily through increasing the 
trim. 
6.2.3.2 LCG effect 
The effect of moving the LCG forward was principally to increase the resistance of the 
craft. An exception was made locally at the minimum value in Figure 6.01 of about 7.8m, 
which shows it would be possible to redesign this craft to be slightly more efficient by 
moving the LCG aft. If this was taken too far, however, the minimum would be exceeded 
and the resistance would increase again, although not significantly. The nmning trim of the 
craft was shown to reduce, as expected, when the LCG moved forward. The other plotted 
results followed their expected modifications; the wetted lengths increased, and there was 
a marginal increase in transom immersion. The relatively steep slope of the resistance 
curve in Figure 6.01 indicated that adjusting the LCG is an important way of improving the 
resistance, although this should be considered early in a design spiral, as the LCG tends to 
be fairly inflexible once the general arrangement of the craft has been considered. 
Fi e 6.01 Effect of variation ofLCG on Resistance. 
rom 
.--~ ~ 
8mro 
a 
't:i l00X> 
.-00 (!) 
~11(ID) 
lQID) 
6 7 8 9 10 11 12 13 14 15 
I.agtuJiml QrirecfOa\i1y [nil 
6.2.3.3 VCG effect 
Figure 6.02 shows that the variation of the VCG had very little effect on the resistance of 
the craft; Figure 6.03 also indicates that the effect of varying the VCG on the wetted 
lengths and transom immersion were minimal. This was principally because the running 
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trim was not altered significantly (implying the resultant moment about the CG did not 
alter significantly). 
Figure 6.02 Illustration of minimal effect ofVCG on Resistance. 
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Fi e 6.03 Effect ofVCG on runnin characteristics. 
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6.2.3.4 Beam effect 
The result of increasing the beam, and thus reducing the wetted length to beam ratio A, 
was to produce a variation in resistance with a minimum at about 7.0 metres (see Figure 
6.04). This implies that the hullfonn was well designed with a beam of 7.3 metres. The 
wetted keel length was seen to increase with increased beam which was a result of the 
running trim being reduced. The wetted chine length also reduced, and the transom depth 
varied slightly, with a minimum at about 7.3 metres; roughly corresponding with the beam 
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for minimum resistance. These results indicate that there is an optimum length to beam 
ratio at which the planing characteristics of the craft result in a minimum resistance. 
Fi e 6.04 Effect of Beam on Resistance. 
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The expected results of an increase in resistance with an increase in deadrise are shown by 
Figure 6.05. The running trim increased with increased deadrise, as the hull attained its lift 
by increasing the trim to achieve the required planing area, whilst maintaining equilibrium. 
The wetted keel length increased as the transom immersion increased, although the wetted 
chine length reduced with increased trim. It should be noted that the effect of varying the 
deadrise had a substantial result on the equilibrium trim angle; this could be important for 
the prevention ofporpoising (i.e. reducing deadrise to reduce running trim). Also, it could 
be seen that by reducing the wetted keel length, the resistance could be minimised. 
Fi e 6.05 Effect ofDeadrise on Resistance 
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6.2.3.6 Speed variation 
This variation is one of the most useful for a designer and relates more practically to an 
individual design which can be analysed during measured distance trials. Various expected 
results occur, such as that shown by Figure 6.06, where it is seen that resistance increases 
as speed increases. Another typical result is indicated by the reduction in nmning trim with 
increased speed, and it can be seen in Figure 6.07 that the wetted keel length increased 
correspondingly. The transom immersion and wetted chine length reduced as the speed 
increased. These results indicate that the craft was attaining more dynamic lift per unit 
are~ and hence the trim decreased as the total planing area reduced and equilibrium 
conditions changed. 
Fi e 6.06 Variation of Resistance with Sed. 
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Fi e 6. 07 Variation of runnin characteristics with sed. 
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6.2.3.7 Trim effect 
These calculations were much simpler and faster to perform since equilibrium conditions 
were not met. Instead, the trim was varied from 0.5 to 9.0 degrees and the outputs plotted 
at these angles. 
Figure 6.08 shows that the nummum resistance occurred between the classically 
established 4 and 6 degrees values (about 4.8 degrees for this craft). These results cause a 
conflict of interests for the design of high speed planing craft since high velocities cause 
reduced trim angles which tend away from the minimum resistance trim. The equilibrium 
(running) trim of this craft was 4.75 degrees, which indicated that it was operating in the 
minimum resistance condition. This result is not always found, and usually the running 
trim is significantly less than the minimum resistance trim. The effect of increasing the 
trim was to cause a reduction in wetted keel lengths and the transom immersion. 
Fi e 6.08 Variation of Resistance with Trim. 
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Each hull fonn will have an individual configuration at which the resistance minimum 
occurs, and for a particular high speed hull, the designer should try to move this minimum 
as far up the speed scale as possible, and match this by designing for equilibrium at this 
trim. To achieve this, it is necessary to look at the previously defined input configuration 
and the associated effects. 
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6.2.3.8 Variation of the Centre of Pressure (Xcp) of an Aerofoil 
The purpose of these calculations was to investigate the most suitable aerofoil 
configuration for a given hull form. Optimisation was in terms of minimising resistance for 
a given speed, whilst maintaining porpoising stability. The use of an aerofoil would be 
suitable when a hull form has been optimised as far as possible within the tolerances of 
constructional and regulatory constraints, but may not have reached its maximum running 
potential. Very high speed planing craft tend to be designed to operate very near to their 
porpoising stability limits and should be below these limits rather than above them; the 
corresponding equilibrium trim angles tend to reduce with increased speecL and are 
typically in the region of 2-3 degrees. Conversely, minimum resistance values tend to 
occur at about 4 degrees and thus the optimal aerofoil configuration for a given hull will be 
one which increases the equilibrium trim of the high speed craft. 
The effect of including an aerofoil and varying LCAA is to include a moment whose 
magnitude is varied; by careful design of the aerofoil size and configuration, the value of 
this moment can have a useful effect on the dynamic characteristics of the craft. To benefit 
from the use of the aerofoil, the reduction in the hull resistance due to the appended foil 
should be greater than the increment from the induced drag of the foil. 
A NACA 23012 aerofoil section was used for these calculations and results are given in 
Figures 6.09 to 6.11. 
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Fi e 6.10 Effect of aerofoillon sition on runnin characteristics. 
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In the example given in Figure 6.09, the effect of varying the aerofoil LCAA is not 
significant (0.6 % of total resistance); this was because the hullform was already very well 
optimised, as was identified by the fact that the running trim was very close to the 
minimum resistance trim. Therefore, to illustrate this concept of incorporating an aerofoil 
to reduce the total resistance, a form was analysed whose running trim was governed by 
external factors (such as an LCG constraint) which prevented an optimal solution being 
attained. The hull form selected is defmed in section 6.3.1, and Figure 6.11 shows the 
predicted resistance for a variation of trim, caused by varying the aerofoil LCAA over the 
length of the craft. For comparison, the predicted equilibrium trim and resistance point is 
plotted on the same graph for the unappended craft. This point lies (almost) on the same 
curve since the aerofoil vertical centre of pressure was (for analytical reasons) kept at the 
same height as the hull VCG. It can be seen that when the aerofoil was positioned at the 
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bow, the trim was increased above the unappended equilibrium value, and the resistance 
was reduced correspondingly. The reduction in resistance was about 280/0 of the 
unappended value, which shows the remarkable effectiveness of the incorporation of an 
aerofoil, if practical. Since aerofoils on current craft (incorporated for dynamic stability 
and style) are placed near the transom, an analysis of such a foil was undertaken. It has 
already been seen from Figure 6.11 that a lifting aerofoil at the stem has the effect of 
increasing the resistance, principally by reducing the trim, so calculations were undertaken 
to assess the result of an aerofoil producing a down-force at the stem. It was anticipated 
that the primary result would be an increase in the resistance due to the transom immersion 
being forced to increase. Figure 6.11 indicates that for this aerofoil, its presence caused an 
increase in resistance at all aft LCAA locations, and the further forward, the lower the trim 
and the greater the resistance, as expected. 
6.3 Secondary Analysis and Optimisation. 
6.3.1. Method. 
The hull form used in these predictions, and those of section 6.2.3.8, is defined as follows: 
• Displacement: 13680 Kg. 
• LCG: 4.1 m. 
• VCG: 0.80m. 
• Beam: 6.84m. 
• Deadrise: 22 degrees. 
• f: 0.5 m. 
• ~: o degrees. 
• Nominal trim: 3.2 degrees. 
The hull input variables that were varied with speed were: 
• Displacement. 
• Beam. 
• LCG. 
• Deadrise. 
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Furthennore, the LCG was varied with the beam and then with deadrise to examine the 
combined effects of these variations. 
6.3.2 Results. 
Results of these predictions are given within the following section and further data is given 
in Appendix 3 . 
6.3.3 Discussion of results. 
6.3.3.1 Variation of beam, displacement and speed. 
Figure 6.12 illustrates the clear increasing effect on resistance ofLCG increase with speed, 
It is shown that for this form, the optimum LCG is as far aft as could be achieved. For 
some craft that require further optimisation, this analysis has indicated a sequence of 
minima which reduce with increased speed, as indicated by Figure 6.13. 
Fi e 6.12 Variation of Resistance with LCG and Sed. 
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Fi 6 e .13. Variation of resistance minima for a non-o timal 
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Figure 6.14 indicates, as to be expected, that the running trim decreases ~th increased 
speed, for each LeG location. 
Fi e 6.14 Variation of runnin Trim with LeG and Sed. 
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6.3.3.2 Variation of beam and speed. 
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The results of varying the beam, and thus the mean wetted length to beam ratio of the 
planing surface is indicated by Figure 6.15. At higher speeds the increase of beam clearly 
had a greater significance on the resistance than at lower speeds, suggesting that very fast 
craft would benefit from high length to beam ratio forms more than slower craft (this is 
also beneficial for dynamic stability). These comments are in contrast to the fact that the 
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most efficient hydrodynamic shape is of high aspect ratio, as discussed in Chapter 4, 
Section 4.2.6. Figure 6.16 indicates that the effect of beam on I1l1l1illlg trim reduced as 
higher speeds. 
Fi e 6.15 Variation of Resistance with Beam and Sed. 
9XOO 
80000 
,.- ..... . 
7IJCXX) 
~ 6OOCO ~ 
8 5()(XX) 
c: 
1\1 
.il 4OCXX) 
(/I 
Q) 
a: 30000 
2000J 
1CJOO) 
0 
38 48 58 68 
Speed [Knots] 
78 
.~. 
Fi e 6.16 Variation ofrunnin Trim with Beam and Sed. 
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6.3.3.3 Variation of deadrise and speed. 
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For the form chosen, the effect of varying the deadrise had a similar effect over the entire 
speed range, as indicated in Figure 6.17, with the expected result that higher deadrise 
angles corresponded to higher resistances. It was shown that as the deadrise increased, so 
the rate of increase in resistance increased, as would be expected by considering the effect 
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of deadrise in the calculation for the frictional drag force, where the frictional drag is seen 
to be a function of the cosine of the deadrise. This calculation is given in equation [6.01]. 
Cf.p. V2 .(A.b2 ) Df - m 
- 2.cosJ3 
Fi e 6.17 Variation of Resistance with Deadrise and Sed. 
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It was also seen that the minimum resistance trim angle increased slightly with increased 
deadrise. Figure 6.18 shows that the effect of increasing the deadrise over the entire speed 
range was to increase the trim. This effect was constant at all speeds, and again, the greater 
deadrise angles caused a larger increase in trim. 
Fi e 6.18 Variation ofrunnin Trim with Deadrise and Sed. 
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6.3.3.4 Variation of displacement and speed 
Figure 6.19 shows the effect of varying the displacement with speed; once again there were 
no unexpected results. The variation in trim for the range of displacements was seen to 
decrease as the speed increased (see Figure 6.20), which was due to the dynamic pressure 
increasing over the hull with increased speed and loading. At higher speeds the craft would 
be more able to absorb a unit increase in displacement, with smaller effect on resistance, 
since smaller changes in running conditions (trim) would be required to compensate for 
the added load. 
Fi e 6.19 Variation of Resistance with Dis lacement and Sed. 
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Fi e 6.20 Variation of Trim with Dis lacement and Seed. 
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6.3.3.5 Variation ofLCG and Beam. 
For a fixed speed, the effect on the resistance of varying the beam and LCG showed that at 
higher beam values, the effect of varying the LCG was greater than for low beam values 
(see Figure 6.21). It can also be seen that in the case of the smallest LCG, there is a 
minimum at a beam of approximately 4.1 metres. The effect of varying the LCG on trim 
(Figure 6.22) was more significant at lower beam values. For any beam, the effect on trim 
of increasing the LCG was more significant at smaller LCG's. Figure 6.23 shows the effect 
of increasing the LCG in tenns of trim and resistance. In this figure, the beam reduces as 
the curve is followed to the left, and to optimise the beam in tenns of trim, the lower locus 
of the LCG curves can be used; for a desired trim (determined as the minimum resistance 
trim from a preliminary prediction), the desired LCG can be found for a given beam, 
assuming the beam has been pre-defined. If the beam is variable, then for the given form, 
the smaller the better, until transverse stability problems occur. 
Figure 6.21 Variation of Resistance with Beam and LCG. 
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Fi e 6.22 Variation of Trim with Beam and LCG. 
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Figure 6.23 Variation of Resistance and Trim with Beam and LCG. 
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6.3.3.6 Variation ofLCG and deadrise. 
The effect of varying the deadrise of the craft is not as significant as the effect of varying 
the LCG of the craft, even for only a small variation in LCG. This point is clarified in 
Figure 6.24, where a 10% reduction in LCG (from 4.1m to 3.69m) has a greater effect on 
reducing resistance than the variation of 25 degrees deadrise. 
Figure 6.24. Effect of 10% variation ofLCG 
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Figure 6.25 shows how the effect of reducing the LCG for a given deadrise results in an 
increase in trim (as expected) and that this effect is greater at small LCG values. 
Furthermore, this effect is more significant at higher deadrise angles. Finally, Figure 6.26 
illustrates the variation in resistance with trim for the beam and LCG variations. Once 
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agai~ the interpolated curve for a given deadrise can be drawn, to obtain the optimum 
LCG for a given deadrise. 
Fi e 6.25 Variation of Trim with Deadrise and LCG. 
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Figure 6.26 Variation of Resistance and Trim with Deadrise and LCG. 
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6.4 Summary and Discussion. 
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Firstly, it is important to understand that the work in this chapter is pre drawing-board 
work (variation of the beam, for example, would nonnally be a luxury not afforded to the 
designer), where the craft may have a task and operating restrictions presented. From this 
data a perfonnance envelope (as discussed in Chapter 4, Section 4.7) can be detennined, 
and preliminary principal particulars of the craft suggested. As with all naval architecture, 
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a design spiral is necessary to evolve the hull form, however this analysis method will aid 
the speed of preliminary selection of form coefficients and shape. 
It has been shown that to optimise the design of a particular planing hull there are a 
number of methods of achieving an individual aim. Varying one input causes a change in 
output characteristics, and the designer needs to be aware of which input variables have 
the largest effect on these changes, so that maximisation of performance can be achieved 
by minimum adjustments of the form. It has been seen that varying the LCG has a greater 
effect on the outputs than varying the VCG. It was also clearly seen that the driving 
function of the hull optimisation was the running trim, and hence the wetted length to 
beam ratio. The running (equilibrium) trim should be as near to the minimum resistance 
trim as possible. It should be noted that as the form is adjusted to improve the resistance at 
the running trim, there may be an increase in minimum resistance. This means it may be 
necessary to increase the value of the minimum resistance when modifying the form, so 
that a lower actual resistance can be achieved. This concept is illustrated by Figure 6.29 in 
which the modified form runs at a trim equal to the minimum resistance trim. 
Fi e 6.29. Increasin the minimum resistance to reduce the resistance at e uilibrium. 
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DesignS~ 
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The use of an aerofoil has been shown to be a potential asset, although practically the 
requirement is not one of providing lift, but improved dynamic characteristics such as 
increased equilibrium trim and hence reduced resistance in this condition, see Figure 6.30. 
In practice it may not be so easy to use an aerofoil near the bow, since excessive trim 
angles could stall the aerofoil and cause very large pitching moments. The alternative 
suggestion was to use an aerofoil at the stem causing a negative moment to force the stem 
down and increase the trim. This latter method was shown to be of little value due to the 
increased transom immersion, unless the foil was primarily intended for improving 
stability, in which case the increased resistance may be acceptable. An active foil near the 
bow may provide a solution in the future, however this concept requires considerable 
further research. 
Fi e 6.30. Difference between resistance for runnin trim and minimum resistance. 
Resistance [N] 
R 't eq 1 Aerofoil used to increase trim 
R 't eq2 I----+----=~/ 
Rmin ~--~--~------~----------------
o 2 4 6 8 10 
Trim [degrees} 
It should be noted that the effect of varying the aerofoillongitudinal position was to adjust 
the position of the running trim by varying the net moment, without changing the shape of 
the resistance/trim curve. 
The secondary analysis that was undertaken considered the effect of varying two inputs 
simultaneously. This analysis is somewhat subjective as it considers a particular hull form, 
however the given form provided typical results. Not only were variations in form and 
speed presente<L but variations in two form parameters, such as LeG and deadrise were 
investigated. These analyses can provide the designer with detailed knowledge of the 
effect of changing various form parameters, and also aid optimisation of the hull form. 
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As a result of the work in this chapter, an optimisation procedure for a planing craft is 
suggested below. It is important to remember that the predictions are for a prismatic form, 
and local variations in form, as well as large warp, rocker or other excessive non-prismatic 
changes in form will result in inaccurate predictions and analyses. 
6.4.1 Optimisation procedure. 
The following is an outline of the optimisation procedure required within the design spiral 
for a planing craft: 
1. From the statement of requirements (See section 6.4.2) for which the craft is to be 
designed, defme the design envelope, i.e. limitation on beam if the craft is required to 
be transported by container, minimum deadrise for efficient wateIjet operation. The 
design envelope will probably specify a speed requirement which may be 
compromised by a seakeeping requirement. 
2. An initial estimate of the form parameters should be input to the program, based on 
collated data for previous craft, and from calculation of form coefficients such as 
block and prismatic coefficients. 
3. The variation of trim should be computed, to provide an initial assessment of the 
equilibrium trim and the minimum-resistance trim. 
4. Variation of the speed will provide a baseline speed achievable for a given powering 
requirement. 
5. Variation of LeG will determine whether an optimum position lies within the 
required range, or whether the LeG should be as far aft as possible; this is generally 
dependant on the hull loading condition. 
6. Variation of the beam and then deadrise can be analysed, these parameters are most 
likely to be governed by the seakeeping and ride-quality requirements. 
At this point a re-assessment of the hull form can be made and after changes have been 
decided, the above series of analyses should be re-evaluated. Next, the two-variable 
analyses should be undertaken as follows: 
7. Variation of LeG and speed, LeG with beam and LeG with deadrise, to provide an 
insight to the most suitable combination of these parameters when analysed together. 
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It may be necessary to compromise the optimum value of one parameter in order to 
further improve two other parameters. 
8. Analysis of the effect of varying the beam and then deadrise with speed will provide 
further knowledge of the preferred values. 
9 . Variation of displacement with speed is important since the designer may have 
alternatives of engine and gear box combinations, and hull materials, and it may be 
seen, for example that a heavier but more powerful engine is preferential compared to 
a lighter, less powerful (cheaper) engine. 
Having undertaken these further analyses and re-evaluated the form parameters (maybe 
several times ), the designer can consider the use of an aerofoil to complete the 
optimisation. It should be noted that it is the opinion of this author that if the hull form is 
unrestricted then an optimal form should be attainable without such appendages, however, 
since practical limitations nearly always exist it is likely that some form of lifting device 
providing a longitudinal moment is desirable, hence: 
10. Analysis of the effect of an aerofoil to reduce the wetted length and thus reduce 
resistance. 
Finally, it should be noted that although the computer program allows the incorporation of 
trim tabs in the prediction, it was seen that the requirement of an aerofoil was to provide a 
negative moment, the trim tabs (providing a positive moment) would not be suitable for 
optimising the high speed performance. Trim tabs serve a very useful purpose for 
traversing the 'hump speed', but at other times their use is limited to cases where the LeG 
is extremely far aft, such that the corresponding increase in lift (and hence reduction in 
resistance) exceeds the incremented resistance due to the positive moment and increased 
wetted length. 
6.4.2 The Statement of Requirements. 
Generally, when an order is placed for a small production craft this is not applicable, 
however when a customer wants a more expensive craft for a specific purpose there is a 
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need for a statement of requirements (SOR) to be presented The SOR may be as detailed 
or as simple as the customer requires, it could typically include the following: 
1. Maximum length overall. 
2. Beam limitation; perhaps limited by a transportation requirement. 
3. Draught restriction; this may influence the choice of propulsor SInce it may be 
preferable to incorporate wateIjets for shallow water operation. 
4. Speed requirement: at full load, half load, light load or the load at which the endurance 
is contracted on. 
5. Seakeeping ability: the operational environment may incorporate sea state, spectrum 
and other environmental limitations. This may impose restrictions on form such as an 
increase in deadrise for seakeeping enhancement. 
6. Endurance: range and speed requirement. 
7. Operational environment: air and water temperatures (for engme set-up, rur-
conditioning and heating), shock levels, power supply, signatures (noise), acceleration 
and motions (this is directly associated with the seakeeping ability). 
8. Accommodation: for crew and other personnel, quality (which influences cost and 
weight), offshore/coastal roles of the craft are also relevant. 
9. Minimum complement: this will influence the outfit of the craft for accommodation, 
also features such as unmanned engine rooms/spaces and machinery monitoring are 
dependant on the complement. Offshore/coastal roles of the craft are again important. 
10. Delivery; date and place. 
11. Costs: Total cost to customer per craft, stage payments (dates), currency of payment, 
influence of cost on equipment selection (if any equipment is specified or required then 
this cost must be absorbed in the total cost of the craft). A combined operational 
effectiveness investment appraisal (COEIA) may be undertaken if requested by the 
customer (and hence paid for by the customer) to determine the cost-benefit of 
equipment such that the best value and most suitable equipment may be fitted. 
12. Financial penalties to the builder: on late delivery, failure to attain speed, performance 
(e.g. turning circles), weight. 
13. Role: for example a fast patrol craft, fast attack craft, ferry, pleasure boat or racing 
boat. 
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Missing pages are unavailable 
CHAPTER 7 
VARIATION OF HULL CHARACTERISTICS ON THE 
AERODYNAMICS OF PLANING CRAFT. 
7.1 Introduction 
Model tests were designed and undertaken to investigate the aerodynamic characteristics 
of very high speed planing craft, and to determine the results of the aerodynamic forces on 
the crafts' performance. Very little work has been undertaken to investigate this area. Due 
to the increasing speeds being achieved by racing craft, and also by commercial craft, the 
need for this data is becoming more important for accurate performance predictions. Work 
by Reif[1985] and Reifand Geunther [1978] has been discussed in Chapter 2, Section 2.6, 
and it was seen that this work was solely for tunnel hull catamarans. Furthermore, the 
ground effect was modelled using a stationary, flat ground and this would have produced 
inaccuracies. Chapter 4, Section 4.3.1, has indicated that at very high speed regimes, 
termed 'Alto-Planing', the aerodynamic characteristics of the craft have a significant 
influence on the performance of the craft. For example, the deflected air flow underneath 
the hull which causes a depression in the water surface. 
Various methods of model testing were considered, including free-running model testing, 
using radio-controlled models. The use of a model towing tank was considered, however 
the problem was in finding a fast and long enough tank to gain useful measurements. 
Furthermore, as with radio-controlled model testing, this method would not allow 
measurement of the hull performance characteristics without the aerodynamic forces and 
moments, which was a specific intention of the investigation. Rotating arm tank tests were 
considered briefly, since the problem of achieving and maintaining a high speed could be 
overcome, however the yaw force components would be too great and reflected wave 
encounters would have been unacceptable. Furthermore, these facilities were not directly 
available, and financial restraints had to be considered. 
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A circulating water channel was available through the School of Civil and Structural 
Engineering at the University of Plymouth, and it was found that the flowrate could be 
adjusted to allow sufficient speed of flow for useful analysis. Further enquiries lead to the 
acquisition of a portable wind tunnel, and this was combined with the aforementioned 
circulating water channel. These two components formed the principal experimental 
apparatus used in the model testing and proved ideal for the intended analysis. The 
experimental apparatus used for these model tests is described in detail in Appendix 4. 
7.2 The Model Tests. 
7.2.1. Model size. 
The experimental apparatus imposed limitations on the size of the models that could be 
tested. From the dimensions of the models (given in Appendix 4) it can be seen that the 
models were very small. In order to attain the scale speeds required (the full scale speed 
was 90 Knots which was considered a realistic and practical goal for craft of the present 
and near future), Reynolds numbers for the models were about 1.1 xI06 (compared to 1.3 
xI09 at full scale). It can be seen that both model and full scale Reynolds numbers were 
above the critical transition from laminar to turbulent flow. The lower Reynolds number of 
the models, compared to the full size craft, meant that there was a possibility of scale 
effects occurring. For small models and low Reynolds numbers, the ATTC correlation line 
is considered insufficient [ITTC 1957]. The ITTC correlation line is steeper below 
Reynolds numbers of 107 and therefore helps to reconcile the difference in results between 
small models and full size craft. The correlation allowance (C~ of 0.0004, used in 
conjunction with the ITTC correlation line was therefore considered sufficient to account 
for the small size of the models. 
The change in total resistance due to the aerodynamic effects is dependant on the 
calculated frictional resistance and the predicted residuary resistance. Both of these 
components require a prediction o~ the wetted chine and keel lengths and running trim, and 
also depend on the form of the craft. The predicted trends of the hydrodynamic and 
aerodynamic resistance are not dependant on the method of calculation of the frictional 
resistance, so long as it is consistent. 
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Turbulence effects from the water channel were significant, which meant that the models 
experienced notable surge oscillations. An analogue strain gauge meter with a high inertia 
(which damped fluctuations) was chosen in preference to a digital meter so that these 
oscillations could be filtered out. Care had to be taken when measuring the running 
conditions of the models to ensure (visually) that steady states had been reached before 
measurements were taken (small wetted lengths generally meant that porpoising occurred, 
in which case readings were not taken). 
Owing to the constraints on the model size, caution must be exercised in the prediction of 
the full scale aerodynamics and aerodynamic effects. 
In summary, the following list indicates the relevant advantages and disadvantages of 
using small models: 
Advantages: 
1. The simplicity of the models and the test apparatus meant that. it was relatively 
straightforward to set-up and use. 
2. This model test method could only work properly in a circulating water channel with a 
wind tunnel. This method was able to give the hydrodynamic effects only, by reducing 
the airflow to zero. 
3. This method provided valid data for the prediction of the trends of the aerodynamics 
and aerodynamic effects, since they are independent of the magnitude of the total 
frictional resistance, and the associated scale effects (as discussed on the previous 
page). 
4. Scale effects were incorporated within the ITTC friction correlation line and the 
correlation allowance of 0.0004. 
5. An analogue strain gauge meter (with high inertia) was chosen which dampened the 
oscillations and allowed filtering of the readings. 
6. This apparatus demonstrated the various methods used and principles established from 
the results obtained. The principles established are listed in the discussion in Section 
7.5. 
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Disadvantages: 
1. The small size of the models meant that large scale effects were likely and these could 
not be quantified accurately. Some caution must be exercised in the application of 
these results at full scale. 
2. Measurement of the running conditions was difficult and required care. The 
measurement methods used were elementary (due to financial limitations), which 
meant that the model tests took a great deal of time in order to obtain satisfactory 
accuracy (measurement methods and accuracy are discussed in Appendix 4). A 
discussion of what would have been undertaken, if finances were available, is given in 
Section 7.5. 
3. The effects on turbulence were significant and care had to be taken to avoid taking 
measurements when the model was visibly surging. 
7.2.2. Specific intentions. 
The purpose of the model tests was to investigate the effect of the aerodynamic forces on 
high speed planing monohulls; these effects will now be considered in detail. The dynamic 
running conditions of planing craft are fully interrelated, each condition affecting all the 
others. This makes the specific analysis of the resistance components somewhat complex. 
The components of the effects of the aerodynamic forces that must be considered include: 
• Total aerodynamic resistance of hull. .t1.RA 
• Total hydrodynamic resistance of hull (running with aerodynamic forces). RH(+w) 
• Total hydrodynamic resistance of hull (running without aerodynamic forces). RH(-w) 
• Total aerodynamic and hydrodynamic resistance of hull. R1: 
Hence the total effective aerodynamic resistance of the hull (RA> can be assessed in terms 
of the difference between the total aerodynamic resistance of the hull and the 
hydrodynamic resistance change due to the change in running conditions from the 
aerodynamic forces acting on the hull, as given in equation [7.01]. 
Where: 
Also: 
RA = .t1.RA - Rm 
Rm = RH(+w) -RH(-w) 
R'=RL-Rm 
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[7.01] 
[7.02] 
[7.03] 
To detennine the difference in hydrodynamic forces with and without aerodynamics, it is 
necessary to conceive a new term called the 'effective resistance' R'. This can be predicted 
by measuring the change in the hydrodynamic running conditions, with and without 
aerodynamics, and applying this within a performance prediction. The predicted effective 
values for resistance or powering (from the modified running conditions) indicate the 
difference in hydrodynamic drag caused by this change according to equation [7.03]. This 
effective resistance will be of the order of the total resistance since the prediction method 
(detailed throughout Chapter 5) still incorporates the aerodynamic forces inherent within 
its method. This system of resistance components is illustrated by Figure 7.01A. The total 
effective aerodynamic resistance of the hull can be deducted afterwards to provide a value 
for the hydrodynamic resistance when the aerodynamics are included, as given by equation 
[7.04], and depicted by Figure 7.01B. 
Fi 
A: 
Resistance 
---.---R' 
-r--+-- R1: 
Speed 
B: 
Resistance 
Speed 
[7.04] 
-"----.--+-- RH(-w) 
"'="':"::==-..1...-_ RH(+w) 
The specific intention of the model tests was to detennine the magnitude of the changes in 
running conditions for the models, with and without the wind tunnel running (hence RMI), 
and to measure the change in total resistance of the models with and without the wind 
tunnel running (the magnitude of ~A>. 
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7.2.3. Model test procedures. 
The model tests were devised to provide data in the fonn of two characteristics, the length 
to beam ratio of the planing surface A and the effective length to beam ratio AI, defined as 
follows: 
Al = d/(b.sin't) 
[7.05] 
[7.06] 
Further data that was measured directly was the resistance, as has been described 
previously. The stability of each model was also assessed, although unstable modes (both 
porpoising and transverse instabilities) prevented measurements from being taken. For this 
reason, the results for the smallest LeG values indicate the limit of porpoising stability for 
that model configuration. 
The model tests were conducted to provide the following specific results: 
Group 1: General A against AJ, 0 degrees deadrise; systematically varying hull length, 
LeG and displacement. 
Group 2: General A against AI, 10 degrees deadrise, systematically varying LeG and 
displacement. 
General A against AI, 20 degrees deadrise, systematically varying LeG and 
displacement. 
General A against AJ, 30 degrees deadrise, systematically varying LeG and 
displacement. 
Group 3: Resistance function against Al for 0 degrees deadrise. 
Resistance function against Al for 10 degrees deadrise. 
Resistance function against Al for 20 degrees deadrise. 
Resistance function against Al for 30 degrees deadrise. 
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The group 1 tests would provide running conditions data for the effect on R and H(-w) 
RH(+w) of the aerodynamic forces. Model tests in group 2 were intended to make a more 
detailed study of specific areas of the group 1 tests. The group 3 tests were undertaken to 
provide data for the Rr and MA analysis. 
The 'resistance function' was derived as the best method of incorporating the principal hull 
particulars that would influence the resistance, in a nondimensionalised form, and is given 
as follows: 
Fn(R) = IOOO.R 
.1.. LCG 
LOA 
[7.07] 
The tests in group 1 were designed to provide a global analysis of the effect of varying the 
hull overall length to beam ratio A; since this was specifically with regard to the 
aerodynamic effects on the performance of a flat plate, variations in hull length were used 
to explore the aerodynamic effects for given LeGs and Awetted. Furthermore, these tests 
were intended to provide new data for high A values, beyond those used in current analysis 
and prediction methods, such as that of Savitsky [1964], which is limited to A<4. Due to 
the higher Reynolds numbers at which these model tests were run, it was anticipated that 
the data would not entirely coincide with that of work such as Savitsky [1964] (although 
the modification should not be too large and the trend should not change). 
7.3 Results. 
7.3.1. General flat plate model tests. 
The results of the group 1 tests are given in Figure 7.02; the data is nondimensionalised 
such that all the flat plate tests are condensed onto one graph. The different hull lengths 
are indicated in Figure 7.02 by the legend and it shows that there is a gradual transition 
through the hull lengths as A varies. Appendix 5 contains the full set of these group-l 
results. 
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Fi e 7.02. Results of 0 de ees deadrise model tests. 
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7.3.2. Group two model tests. 
The following Figures 7.03 to 7.09 show the results of the group two model tests for the 
varied deadrise models. The first three plots illustrate the results for constant mass, i.e. 
149g, 92g and 68.6g ballast masses. Each figure has the data for the with and without the 
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wind tunnel effect, and the legend indicates the condition tested. Each line represents a 
linear regression analysis of the data. The original data is given in Appendix 6. 
Fi e 7.03. Model results for the 149 ballast mass. 
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Fi e 7.04. Model results for the 92 ballast mass. 
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Fi e 7.05. Model results for the 68.6 ballast mass. 
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Fi e 7.06. Model results for the 30 de ees deadrise model. 
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Fi e 7.07. Model results for the 20 de ees deadrise model. 
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Fi e 7.08. Model results for the 10 de ees deadrise model. 
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Fi e 7.09. Model results for the 0 de ees deadrise model. 
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7.3.3. Group 3 tests to investigate the total aerodynamic resistance. 
These results have been plotted in Figure 7.10 to illustrate the effect of varying the 
displacement, LeG and Al for various deadrise models (of constant length). 
Figure 7. 10. Variation of resistance function with A 1 . 
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Appendices 7 and 8 contain the full results of the group 2 and 3 model tests respectively. 
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7.4 Analysis. 
7.4.1. Group 1 model tests. 
The flat plate model tests provided a range of test data for a wide range of hull length, 
loading and running conditions. The linear regression analysis of the two sets of data (with 
wind effect and without wind effect) provided a clear analysis of the results. The results of 
the model tests with the wind tunnel running indicate that the trend is close to the A =A I 
law. Figure 7.11 shows the results of a survey of data conducted by Savitsky [1964] for A 
and A} and also includes the results of these model tests. It is immediately obvious that the 
new data extends well beyond that of Savitsky and thus an initial benefit of this work can 
be realised. The second important result with regard to the new data is the noticeable 
diversification from the Savitsky data in the lower A values. Conversely, there is a 
convergence towards the A=AI line at the high A values. Reasons for this gradient are 
primarily concerned with the higher Reynolds numbers at which these models were tested. 
The boundary layer would be larger, due to the increased turbulent flow under the hull, and 
thus there would be a small change in the hydrodynamic centre of pressure. Secondly, the 
air/water emulsion under the hull would be much larger (as described in Chapter 4, Section 
4.3.3.), and this would also significantly affect the boundary layer size and the centre of 
pressure. At the lower A values, the hull is more responsive to changes in trim (less pitch 
stability), and the results with the wind tunnel running suggest that the centre of pressure 
moved forward, causing an increase in trim, and hence a reduction in AI' At the higher A 
values, the hull is more stable in pitch and is less affected by the change in boundary layer 
from the Reynolds number change and the air/water emulsion; this is shown by the fact 
that the data tends to agree with the extrapolated Savitsky line. 
The Savitsky line for 1<A<4 is given by the simple equation below [After Savitsky 1964]: 
A = Al + 0.3 [7.08] 
and the equation governing the new data with the wind tunnel running is: 
A = 0.93 Al + 0.93 [7.09] 
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Fi e 7.11. Flat late results from model tests and from Savits 
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The analysis of the model test data without the wind tunnel runnIng IS seen to be 
significantly different. The trend is for a convergence with the A=AI line at lower A values, 
and diverges with an increase in A. This correlates with the previous comments regarding 
the effect of the air/water emulsion when the wind tunnel was running, i.e. that the 
air/water emulsion has the effect of reducing AI' 
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The equation of the line with no wind effect is as follows: 
A = 1. 54 Al - 0.1 [7.10] 
The change in A due to the aerodynamic forces was calculated for the model data and this , 
change in A was analysed by a linear regression, as presented in Figure 7.12. 
Fi e 7.12. Variation in A due to aerod amic force on hull. 
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[7.11] 
Note that the regressed line passes through the origin, which is an expected point and 
offers a useful check of the line. 
Equation [7.11] was incorporated within the computer program 'APL-21' detailed 
throughout Chapter 5. The predicted results from this program indicate the new values of 
R', and hence RMI can be obtained. An example of this program output is illustrated in 
Figure 7.13, and three examples are given in Appendix 8. 
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Figure 7.13. Typical results for a 33m planing craft runnmg with and without 
aerodynamics. 
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The difference between the two resistance values at a given speed is denoted by RMf. 
7.4.2. Group 2 model tests. 
These results can be analysed in three ways~ firstly by analysing the data on the basis of the 
three ballasted conditions, secondly by analysing the data for the four deadrise models, and 
lastly by considering the whole data set. 
These model tests were for "local" variations in running conditions, insofar as the group 1 
model tests as a whole were "global", comprising many different "local" conditions. This 
is important since it explains why the changes in A and Al follow different "local" 
variations. 
Figures 7.03 to 7.05 illustrate the linear regression analysis of the first series of data, which 
incorporates the fixed mass and varied LCG for each deadrise model. It is shown that the 
effect of varying the LCG by adjusting the ballast mass over the range of deadrise models 
produced a well defined series of results, with the higher deadrise models operating at 
higher Al values. Figures 7.06 to 7.09 show that a comparison of equal deadrise models 
produce a variation in Al according to the displacement, higher displacements 
corresponding to smaller Al values. 
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Running the wind tunnel shows an increase of AI; this increase corresponds to an increase 
in depth or a reduction in trim, or realistically a combination of both effects. It can be seen 
that the change in A 1 is greater at lower A values, which is due to the fact that the wetted 
length has reduced but the saine amount of lift is required (displacement remains 
constant), hence the depth increases and the trim increases. 
The effect of increasing the deadrise for a given displacement was to increase A 1 and this 
again corresponds to an increase in depth and trim. In this case these changes in running 
conditions were due to the requirement to maintain the dynamic lift on the hull; there 
would have been a reduction in dynamic lifting pressure due to the increase in deadrise. 
The effect of increasing the displacement for a given deadrise was to reduce AJ, this value 
was driven by an increase in trim, since there was also a depth increase and the effect of 
trim would have had to be even more significant to reduce AI' 
This data provides an insight of the effects of varying the local running characteristics of 
the craft. It can be seen that there is a constant displacement of the 0 degrees deadrise 
model results, according to the thinner beam of that model (4.0 cm rather than the 4.65 cm 
of the others in this group of tests). Using this narrower beam illustrates the importance of 
running a wide range of model overall length to beam ratios for the global data so that an 
accurate regression of the data can be analysed. 
7.4.3. Group 3 model tests. 
The results of these model tests, given in Figure 7.10 provide an indication of the 
proportion of the overall resistance that the total aerodynamic effects have. The change in 
the resistance function (with and without wind) was calculated and the linear regression 
values are given in Figure 7.14. 
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Fi e 7.14. Chan e in resistance function with A . 
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The four equations for the lines representing the different deadrise models are given as 
follows: 
Mn(R) = -0.08Al + 1. 77 (30 degrees) [7.12] 
Mn(R)=-0.073AI +1.52 (20 degrees) [7.13] 
Mn(R) = -0.069Al + 1.29 (10 degrees) [7.14] 
Mn(R) = -0.049 Al + 0.88 (0 degrees) [7.15] 
Furthermore, the change in Fn(R) as a percentage of the total resistance was plotted for 
each deadrise model against the change in Fn(R), as shown in Figure 7.15: 
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Similarly, the four equations for the lines representing the different deadrise models are 
given as follows: 
%Fn(R) = 8.83Mn(R)-0.35 (30 degrees) [7.16] 
%Fn(R)= 10.24Mn(R)-O.lO (20 degrees) [7.17] 
%Fn(R) = 13.04Mn(R) +0.22 (10 degrees) [7.18] 
%Fn(R) = 19. 78Mn(R)+ 1.65 (0 degrees) [7.19] 
It is fairly simple to thus evaluate the percentage of the resistance function attributed to the 
total aerodynamic effects by substituting equations [7.12] to [7.15] into equations [7.16] to 
[7.19] respectively. 
An immediate result that can be determined from this analysis is that for the range of 
conditions testecL the aerodynamic effects comprised between approximately 4 and 15 per 
cent of the total resistance. This information, in itself, is new and useful data for the 
purposes of performance prediction of such craft. 
The above relationships of total aerodynamic resistance effects were incorporated in the 
aforementioned computer program 'APL-21' to predict the aerodynamic resistance L\R A To 
allow a variation of deadrise to be incorporated in the procedure, a Lagrange polynomial 
was used. The data was fitted to this as a variation of deadrise and %Fn(R), with the 
corresponding Al value being calculated from the 'full resistance' running conditions; thus 
an output was predicted for the aerodynamic component of resistance in terms of a 
percentage of the full resistance. 
Figures 7.14 and 7.15 indicate that the percentage of total aerodynamic resistance 
increases with an increase in Mn(R), and hence with a reduction in AI; this result agreeing 
with expectation. 
A prediction incorporating the above analysis of the model test results is illustrated in 
Figure 7.16, the hull form is the same as for the prediction illustrated in Figure 7.13. 
142 
Fi 
Resistance [N] 
250000 
200000 
150000 
100000 
50000 
._--... -........ -.... -_ .............. __ ... -_ ... . 
-~ 
o 
--------------------
-50000 -------------
38 58 78 98 
Speed [knots] 
R total 
._-.......................... _--........ R aero 
-------------------- R hydro 
-----------------------0----0- R' 
----------- R L\H 
This typical illustration of the trends of the various resistance curves shows that the 
aerodynamic effect on the hydrodynamic resistance RMI is greater at lower speeds, 
pertaining to higher A values. The aerodynamic resistance increases with speed, as would 
be expected, although as a percentage of the total resistance, the aerodynamic resistance 
decreases with increased speed (see Figure 7.17); the driving cause of this is that the 
running trim of the craft decreases with speed increase, and hence A increases, according 
to Figures 7.14 and 7.15. 
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There was a requirement to assess the accuracy of the measurements of the resistance for 
the model tests, as this would help validate the application of these results to full scale 
craft. To do this, the following methods were available: 
a: comparison of the measured resistance, in the form of a total resistance coefficient C
T 
given by equation [7.20], with calculated CT values for known craft and other validated 
model tests;. this is the most useful method. 
b: Since the resistance would be primarily frictional (at least 80% according to other 
model tests), the corresponding CF value could be obtained according to the standard 
1957 ITTC correction line, given by equation [7.21]. These CF values were anticipated 
to be low since the aerodynamic resistance is not fully incorporated in the calculation 
or derivation of the formula, and also the CT values are highly dependant on the 
loading condition of the craft. It should be noted that the models tested in these 
experiments were reliant on dynamic lift to attain their draught, and were thus highly 
loaded; this was due to low model hull volume and the use of high density ballast 
weights. 
[7.20] 
[7.21] 
Appendix 7, which contains the results of the group 3 model tests, provides the analysis of 
the CT and CF values for each model test condition. The CF values have an average of 
about 0.0012, i.e. of the order of 10-3. The model CT values average around 0.007, and are 
of the same order. The higher model CT values correspond to the higher trim values and 
high loading conditions. The effect of the aerodynamics were analysed, according to 
Appendix 7, and it can be seen that an increase in Cr occurred with the wind tunnel 
running, since the total resistance was increased with aerodynamics. This increase was also 
a function of the change in the hydrodynamic running conditions; as the trim reduced there 
was a reduction in the wetted length, which is incorporated in the calculation of both Cr 
and CF. 
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As a means of validating the model tests, a comparison of the CT and CF values for known 
high speed craft were analysed, the calculations are included with the predictions in 
Appendix 8. It can be seen that both the CT and CF values are of the same order of 
magnitude as the model test results given in Appendix 7, although the model CT tends to 
be slightly higher. This small variation being due to the fact that the models were designed 
to be highly loaded, in line with the authors opinion that future craft will tend to operate 
under similar conditions. It can thus be seen that good overall accuracy is indicated. 
Further quantification of the accuracy of the model tests is not truly feasible since there is 
no other available data on the resistance of craft without aerodynamic effects, and the 
'with-wind'results are at higher Reynolds numbers than current data. Hence comparisons 
can only be indicative. 
7.5 Discussion. 
It has been shown that model tests were undertaken to determine the aerodynamic effects 
on very high speed planing craft. The circulating water channel was configured to provide 
the required speed of water, whilst also ensuring that adequate depth was provided to 
prevent shallow water effect errors from occurring. The wind tunnel was set up and 
operated successfully to allow accurate measurements of the hydrodynamic and full 
(hydrodynamic with aerodynamic) resistance and running characteristics. 
The model configuration has been described and it was seen that the Reynolds numbers 
were both supercritical. The turbulence of the water channel provided additional friction to 
further reduce any differences in boundary layer patterns. The models were of minimum 
displacement and buoyancy so that dynamic forces only, were considered. 
Measurement of the resistance by the strain gauge was successful and accurate; 
measurement of the model running conditions was similarly a straightforward task. 
Various models were tested for the different groups of tests; the flat plate experiments 
involved 5 different length models, then four additional models were constructed for the 
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group two and group three tests incorporating the effects of deadrise. The models were 
ballasted and the LeG positions varied as required. 
The model tests were undertaken to determine the effects of the aerodynamics according to 
section 7.2. This work provides a new method of analysis of the aerodynamic forces, the 
hydrodynamic forces, and the hydrodynamic effects of the aerodynamic forces. The model 
test method, results and analysis are given and calculations are offered for the 
determination of the aforementioned dynamic force components. A resistance function 
was defined to nondimensionalise the measurements of resistance in terms of displacement 
and LeG positio~ since these parameters are crucial to the resistance of a planing craft. 
The data was presented using linear regression analysis the accuracy of which is within the 
experimental accuracy. 
The group 1 model tests covered a wide variety of hull length, LeG and displacements, so 
that truly global data was recorded. A significant conclusion reached, based on the very 
high speed regime of the tests, was that at low A values, with aerodynamics, the air/water 
emulsion and the change in centre of pressure caused a reduction in AI, as illustrated by 
Figure 7.11. The group 1 model tests provided a formula for the change in A which would 
predict the aerodynamic effects on the hydrodynamics, and which extended the empirical 
limits defined by Savitsky [1964]. 
The results of the group 2 tests provided an indication of the effect of altering local hull 
configurations. These specific tests covered a wide range of model configurations with just 
a few individual arrangements. 
The group 3 model tests provided the analysis of the percentage of the aerodynamic 
resistance which comprised the total resistance of the hull. It was shown that for the model 
tests undertaken, this ranged from 4 to 15 per cent. This variation was inversely 
proportional to speed and proportional to the running trim of the craft. Again, this 
information is new data in an area where previously much guesswork and simple 
approximation has been used. 
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The results of the group 3 tests were compiled as eight equations which were 
conglomerated for a prediction tool using a Lagrange polynomial requiring input data of 
deadrise, and AI, both available from the APL-21 computational prediction method. 
A sample prediction was given for a typical 33 metre high speed planing craft, the 
components of the total resistance being illustrated in Figure 7.16. It was shown from this 
prediction, and from the further predictions in Appendix 8 that the total aerodynamic 
resistance increased with speed, as would be expected, but also the proportion of 
aerodynamic resistance reduced with increased speed, as indicated by Figure 7.17. The 
change in hydrodynamic resistance caused by the aerodynamic effects was seen to reduce 
with speed increase. 
Validation of the model tests was considered; it is suggested that the analysis of the total 
resistance coefficient was most reliable, but also ensuring that the frictional resistance 
coefficient was of the same order of magnitude was prudent. The analyses given in 
Appendices 8 and 9 show that both the CT and Cp were accurate. This analysis was 
significantly dependant on the hull loading conditions, since at the speeds considered the 
resistance curve is extremely steep and changes in displacement have a great effect on CT· 
In summary, the model tests have established the following new principles and data: 
1. A new method has been established and demonstrated for the prediction of the 
aerodynamic forces and the associated effects. 
2. The empirical limits for the prediction of A and Al have been considerably extended to 
better suit modem craft. 
3. The change in A due to the aerodynamic forces on the hull has been measured. 
4. It has been demonstrated that the effect of 'local' variation in running conditions can 
cause atypical changes in A and AI· 
5. The aerodynamic resistance comprises between about 4 and 15 per cent of the total 
resistance and is inversely proportional to the speed of the craft. This is related to the 
running trim decrease and A increase as the speed increases. 
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It has been mentioned in Section 7.2.1 that financial restrictions limited the choice of 
apparatus, and this resulted in elementary measurement techniques being implemented. If 
suitable financial resources had been available then the following principal changes would 
have been implemented: 
I. An initial design was undertaken for the construction of a larger and faster (1 metre 
wide, 5 mJs) circulating water channel and wind tunnel. The single most expensive 
component was the water pump, which prohibited this option. 
2. In association with the larger channel, larger models would have been used which 
would have incorporated smaller correlation errors and could carry electronic 
measuring apparatus. 
3. The use of digital measuring and data recording apparatus was not feasible due to the 
cost. Digital measurement of trim would have improved the accuracy of the data, and 
electronic sampling of the trim and resistance would have aided the analysis of the 
data. 
4. Video footage of each model test condition would have enabled secondary 
confirmation and analysis of wetted chine and keel lengths. 
4. A high-speed video camera could have been used for analysis of the air/water 
emulsion. Film of the model could be played back at a slower speed to give an insight 
to the flow of the air bubbles next to the hull (this phenomenon was clearly visible). 
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CHAPTER 8 
CONCLUSIONS 
This work has brought together the subject areas pertinent to the design, performance 
analysis and perfonnance prediction of high speed planing craft. A detailed understanding 
of the elements comprising the performance and operating characteristics of such craft is 
given. From this work it can be concluded that: 
1. A number of research studies had already been undertaken on the subject of the 
perfonnance prediction of planing craft. These included studies of flat water 
perfonnance prediction, dynamic instabilities and seakeeping, for monohulls and 
catamaran craft. 
2. A number of analytical methods can be used to model the perfonnance characteristics 
of planing craft. Principal problems include modelling the air/water interface, the 
ground effect and the water surface depression. 
3. Owing to the idealised nature of many of the analytical modelling techniques, 
empirical methods will continue to be relied upon for design purposes for many years 
yet. 
4. The design of high performance craft involves many compromises. A better design 
can be achieved through gaining an improved understanding of the theory and flow 
regimes of high speed planing craft, together with a comprehension of the parameters 
required to balance the effects of form, selection and arrangement of propulsor and 
general arrangement of the craft. 
5. At very high speeds, specific flow phenomena pertaining to planing craft have been 
identified. The perceived new regime of planing has not been hitherto described and 
has thus been defined as 'Alto-Planing'. 
6. Primary features governing the characteristics of craft operating in this regime are as 
follows: 
1. Predominant hydrodynamic frictional resistance. 
11. Insignificant wave rise in front of the hull. 
Ill. Significant aerodynamic forces on the hull. 
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IV. Truncated pressure distribution near the stagnation pressure, due to the 
proximity of the transom. 
Secondary features include: 
1. The ground effect. 
11. Water surface depression in front and underneath the hull. 
Tertiary effects include: 
I. Insignificant wave rise in front of the hull. 
11. Air/water emulsion created at the leading edge. 
7. The validation of a computer program (APL-21), developed to predict the performance 
characteristics of planing craft, was not fully achieved since comparison with model 
test data was indicative only. Validation through comparison with other predictions has 
indicated it is reliable. 
8. The value of the bare hull effective power may vary depending on the method of 
obtaining the resistance (from model tests or a prediction). If a consistent approach is 
adopted, a correlation database can be created and thus the appropriate correlation 
allowance can be identified and used. 
9. The computer program APL-21 is a design tool which has been demonstrated to assist 
in the improvement of the hull form and running characteristics, to obtain improved 
performance from a craft, within a given statement of requirements. 
10. The method of utilising a wind tunnel and circulating water channel allowed analysis 
of the aerodynamic resistance and aerodynamic effects on planing hulls, and for the 
incorporation of these effects into the prediction program. 
11. The empirical limits for the mean wetted length to beam ratio A, and the effective 
length to beam ratio AJ, used for performance predictions, have been extended to better 
suit modem high speed planing craft. 
12. The aerodynamic resistance comprises between 4 and 15 per cent of the total resistance 
and is inversely proportional to the speed and directly related to the running trim of the 
craft. 
13. The small size of the models used meant that large scale effects were likely and these 
effects could not be precisely quantified. Some caution must therefore be exercised in 
the application of these results to full scale. 
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CHAPTER 9 
RECOMMENDATIONS 
As a result of this work it has been shown that there are several issues of particular value 
that should be addressed by future work these include the following: 
1. Transverse stability; the inception of oscillatory and nonoscillatory instabilities 
requires a reliable prediction method. The effective change in GM, the metacentric 
height, due to the vessel's planing characteristics requires further investigation through 
a systematic approach to provide a method suitable for predictions. 
2. Knowledge of multihull interaction effects still remains sparse; generally it is assumed 
that the planing catamaran has little or no interactions, however Chapter 2 (Section 
2.2) discussed work by Savitsky and Dingee [1954] which indicated that the effect was 
to increase the mean wetted length to beam ratio from 0.3 to 0.6 A as the hulls were 
brought from 6 to 0 beam spacings apart. Thus this benefit of hull interaction effects is 
of relevance to the designer and it is recommended that model tests for a wide range of 
modem forms should be undertaken, covering a broader spectrum of speed 
coefficients. 
3. Stabilisation by implementation of active foils; the implementation of active foil 
stabilisation has been discussed in this work. Having acknowledged that a stabilising 
foil can be incorporated beneficially, there is a requirement to develop a control system 
and suitable foil, either a hydrofoil or aerofoil. The advantage of a highly responsive 
active foil would be appreciated when operating in sea conditions that would otherwise 
require some degree of deceleration. 
4. The incorporation of passive stabilising foils on high speed craft has been discussed 
and it was seen that principally the pitching moments can be reduced. The advantages 
of low cost and light weight make this proposition particularly attractive. It is 
recommended that future work should consider the optimum configuration of passive 
stabilising foils. 
5. The use of curved transoms for control of alto-planing craft was explained in Chapter 
4, Section 4.6.1. Whilst this idea may have the disadvantage of added resistance, it is 
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worth investigating whether the increase in ride quality, and hence speed~ outweighs 
this increment. 
6. The force-mathematical method of modelling a planing craft is felt to be of significant 
value and worth further investigation. Model tests to determine transverse lift 
distributions over different forms would further the development of a semi-empirical 
prediction method, as described in Chapter 3, Section 3.6. It was seen that this method 
had the potential advantage of being able predict the performance of novel forms. 
7. Future modelling of planing craft should consider the use of the MAE method. It was 
shown in Chapter 3 (Sections 3.4 and 3.5) how this method could be used to split the 
hull into discrete areas for analysis. 
8. The boundary layer and CF of alto-planing craft reqwres detailed analysis and 
redefinition. It has been discussed in Chapter 4, Section 4.3.3 and Chapter 7, Section 
7.4.1, how the air/water emulsion extends aft from the stagnation point. A friction line 
incorporating varying turbulence levels and air/water emulsions would be particularly 
useful for future predictions. 
9. The correlation of planing craft model and ship resistance requires further definition. 
With most designers of small craft using a power factor method or PC methods, due to 
limited model tests, there is a need to generate a reliable database of PCs, power 
factors and efficiencies. This would mean that a standard method of performance 
prediction could be developed, which could then possibly incorporate the use of 
statistical methods to determine the PC and correlation allowance. 
10. The truncation of the pressure distribution at the transom, as described in Chapter 4, 
Section 4.3.1, is an area of further interest; the deformation of the flow aft of the hull 
may cause increased drag, and the mechanism involved requires further investigation. 
11. The optimisation of novel hullforms is a large area where future research will continue, 
this area has been considered briefly and tripod type forms with very high length to 
beam ratios for the main hulls have been shown to be beneficial in resistance terms, 
and also in their responses to motions. 
12. The position of the aerodynamic centre of pressure of a hullform is still largely 
uncalculated. It has been shown in Chapter 5, Section 5.2, that knowledge of this 
position can be used in the performance prediction. 
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13. A systematic study of the aerodynamic characteristics of superstructures would be 
useful for incorporation within a prediction method. 
14. Model tests for a broad range of catamaran forms are highly desirable. A similar 
analysis of the aerodynamic effects as has been undertaken within this work would be 
of significant value. Knowledge of the aerodynamics, as well as the hull interaction 
effects, would mean that a versatile performance prediction method would be available 
for design use, for the first time. 
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APPENDIXl 
COMPUTER PROGRAM 'APL-2l' SOURCE CODE. 
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The following computer program was written in the object orientated 'Borland Turbo C-+' 
language. This section of code performs the fundamental calculations within the prediction 
method. 
/*****************************************************************/ 
calcvarsO 
/*****************************************************************/ 
{ 
int x; 
double val a, valb,h,fx,ffx,fffx ; 
h=1.0;fx=1.0;ffx=1.0;fffx=1.0 ; 
imperialiseboatvarO ; 
var[7]=var[1]/(0.5*1.94*pow«var[6]),2)*pow«var[4]),2)) ; 
var[8]=var[ 6]/(pow( (32.2*var[ 4 ]),.5)) ; 
var[23]=0; 
var[20]=pow(var[19],1.1) ; 
var[22]=O.1 ; 
/* use a Newton-Raphson method to determine CLO */ 
x=l . , 
while( (fx>=O. 000001 )11< fx<=-O. 000001)) 
{ 
fx=var[22]-(0.0065*var[5]*pow«fabs(var[22])),0.60))-var[7] ; 
ffx= 1-(0.0039*var[ 5]*pow( (fabs(var[22])), -0.4)) ; 
fffx=0.00156*var[5]*pow«fabs(var[22])),-1.4) ; 
if(x 1) h=pow«fabs( -2*fxIfffx)),.5) ; 
if( x> 1) h=fxlffx ; 
if(x=l) 
{ 
if(var[22]<=O) var[22]=var[22]+h ; 
if(var[22]>0) var[22]=var[22]-h; 
} 
if(x> 1) var[22]=var[22]-h ; 
x+=l' ,
} 
var[23]=3 ; 
fx=l . , 
/* use a Newton-Raphson method to detennine A */ 
while( (fx>=O. 000001 )II( fx<=-O. 000001)) 
/* Cq 3 calculation */ 
/* Cv calculation */ 
/* varI9=tau*/ 
/* var23=lamda * / 
/* var24=Cl02 * / { 
fx=var[20]*( (0.0 120*pow( (fabs( var[23]) ),0.5) )+(0 .0055*pow( (fabs( var[23]) ),2. 5)/pow( var 
[8],2)))-var[22] ; 
ffx=var[20]*(0.006*pow«fabs(var[23])),-
O.5)+(0.01375*pow«fabs(var[23])),I.5)/pow(var[8],2))) ; 
fffx=var[20]*(0.003*pow«fabs(var[23])),-
1.5)+(0.020625*pow«fabs(var[23])),0.5)/pow(var[8],2))) ; 
h-fx/ffx ; 
var[23]=var[23]-h; 
} 
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/* now have lamda and Clo. */ 
} 
var[25]=O.0120*pow(var[23],0.5)*var[20] ; l*var25=Cld*1 
var[26]=0.5*1.94*pow(var[6],2)*pow(var[4],2)*var[25] ; l*var26=deltad*1 
var[27]=var[26]/(var[23]*pow(var[4],2)*cos(var[19]/57.3» ; l*var27-Pd*1 
var[28]=var[6]*pow«(1-(2*var[27]/(1.94*pow(var[6],2»»,0.5); l*var28=Vm*1 
var[29]=var[28]*var[23]*var[4]/(1.1883*.000001 *3.1 *3.1)*1.14 ; l*var29 Re*1 
var[30]=O.0004+(0.0751(pow«(log10(var[29])-2),2»); l*var3O=CF + CA *1 
var[32]=1.94*pow(var[28],2)*var[23]*pow(var[4],2)*var[30]/(2*cos(var[5]157.3» ; 
var[33]=(var[1]*tan(var[19]157.3»+(var[32]/cos(var[19]/57.3»; l*var33 D*I 
var[34]=0. 75-(11(5.21 *pow(var[8],2)1pow(var[23],2)+2.39»; l*var34=Cp*1 
var[35]=var[2]-(var[34]*var[23]*var[4]) ; l*var32 Df*1 l*var35=c*1 
var[36]=var[3]-(var[4]/4*tan(var[5]/57.3») ; l*var36=a*1 
var[37]=sin«var[19]+var[11])/57.3) ; 
var[38]=1-(sin(var[19]157.3)*var[37]) ; 
var[39]=var[38]*(var[35]/cos(var[19]/57.3) ; 
var[ 40]=var[ 1 O]*sin( var[ 19]/57.3) ; 
var[ 41 ]=var[39]-var[ 40] ; 
var[ 4 2]=var[ 1] *var[ 41] ; 
var[43]=var[36]-var[lO] ; 
var[44]=var[32]*var[43] ; 
var[ 45]=var[ 42 ]+var[ 44 ]+var[ 60 ]+var[ 62]+var[72 ]+var[73] ; 
I**output calculations in S.I. **1 
1* T *1 
I*sum ofN and T *1 
1*(a-f)*1 
I*Df(a-f)*1 
1* Sum of moments *1 
var[50]=«var[33]+var[59])*.4536*9.81)+var[70] ; l*var50=Drag-N*1 
var[51 ]=var[50]*var[6]*0.3048/745. 7 ; l*var51 Pe-Hp*1 
var[52]=var[51]*745.7; l*var52 Pe-kw*1 
var[ 53 ]=( var[23 ]*var[ 4 ]+( var[ 4 ]*tan(var[5]/57.3 )/(2*3 .14 *tan(var[19]157.3»»* .3048 ; 
l*var53 Lk* 1 
var[54 ]=(var[23]*var[ 4 ]-(var[ 4]*tan(var[5]157.3 )/(2*3 . 14*tan(var[19]157.3» »* .3048 ; 
l*var54 Lc* 1 
var[ 5 5]=var[ 53] *sin(var[ 19]/57.3) ; 
var[56]=pow(var[7]/2,.5) ; 
disimperialiseboatvar() ; 
return ; 
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l*var55=d at tx* 1 
l*var56=Clb/2A. 5* 1 
APPENDIX 2 
ANALYSIS AND VALIDATION OF THE PERFORMANCE 
PREDICTION METHOD. 
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Prediction: Ca = 0.0004 S= 75 m-2 
V Lamda R Pe+Ca Lk Lc d PC Ps 
40 0.002439 28672 590nO 11 .7928 -0.9856 0.656411 900000 
45 0.002404 32134 744864 13.1531 -2.3459 0.745633 3.25 0.644904 1155000 
50 0.002378 37243 959209 12.9903 -2.3199 0.745457 3.29 0.635238 1510000 
55 0.002351 43066 1220115 12.9671 -2.2967 0.746382 3.3 0.633004 1927500 
47634 1472208 15.0707 -4.5371 0.675721 2.57 0.619877 2375000 
Data given in shaded area is for illustrative purposes only. See discussion in Section 5.6 
Viper Trials data Viper Model Test data PC 
V Ps Pe Ca Pe+Ca 
35 650000 0.0004 
40 900000 400000 133936.2 533936 0.59326 
45 1155000 510000 190702.1 700702 0.60667 
50 1510000 655000 261594.1 916594 0.60702 
55 1927500 775000 348181.8 1123182 0.58271 
60 2375000 960000 452034.7 1412035 0.59454 
0.75 , 
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···········x ··········· Ps Viper Trials 
-- - - - - - - Ps Prediction 
S- 100 M .... 2 
AC-III Trials data Model test data PC 
Vs Ps Pe Ca- Pe+Ca 
0.0004 
25 2220000 1080000 43599 1123599 0.506126 
30 2800000 1410000 75339.1 1485339 0.530478 
40 4050000 2000000 178582 2178582 0.537921 
50 5920000 2830000 348792 3178792 0.536958 
60 4000000 602713 4602713 
Prediction Ca = 0.0004 
V Lamda R Pe+Ca Lk Lc de PC Ps 
25 0.002243 98627 1270100 21.8415 13.6365 2.002184 0.572117 2220000 
31.5 0.002219 107909 1750933 19.6359 11.4621 1.806822 5.28 0.583644 3000000 
38 0.002191 114286 2237069 18.8237 10.0843 1.620839 4.94 0.590256 3790000 
44.5 0.002163 118655 2719855 18.8084 8.78556 1.413402 4.31 0.57624 4720000 
51 0.002137 126033 3310974 19.2254 7.63856 1.250616 3.73 0.534028 6200000 
Comparison of PC's 
0.6? -0 D- ~x x -0-- PC prediction o 0.55 x 
CL 0.5X---
- x- PC Model tests 0.45 1 
25 30 35 40 45 50 
Speed [Knots] 
7000000 
6000000 P / [ 5000000 i/ ~ Q) ~ 4000000 V -0-- Ps Pred iction CL ~ 3000000 ./ ------ -----x- ----- --- Ps Trials /1 <U -0 2000000 .... 
1000000 
0 I 
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Speed [Knots] 
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High speed cruiser: comparison with Campbell Design Prediction. 
LCG lamda R Pe+Ca Lk Lc depth Tau (eq) 
5 0.00217 156941 7275818 11.2052 2.08081 0.605919 3.1 
6.6 0.002103 184559 8556180 14.0723 3.59369 0.662848 2.7 
8.2 0.002054 213014 9875337 16.8937 5.15235 0.710326 2.41 
9.8 0.002012 244776 11347837 19.9527 6.91133 0.755444 2.17 
11 .4 0.00198 274752 12737512 22.806 8.58398 0.791882 1.99 
13 0.001952 306663 14216915 25.8372 10.3708 0.825028 1.83 
14.6 0.001926 341380 15826396 29.1561 12.3079 0.854717 1.68 
16.2 0.001904 374979 17384043 32.4181 14.1559 0.876822 1.55 
17.8 0.001883 411376 19071400 35.9587 16.1633 0.897305 1.43 
19.4 0.001864 448561 20795316 39.6308 18.1852 0.91288 1.32 
Lome Campbell Design "In-houseD Prediction. 
LCG Aero Aero Lw Hydro Total Pe+Ca % aero 
Lift Drag Mean drag drag watts drag 
3.360 3255.000 1922 5.008 12515 14437 6545009 13.315 
6.282 3121.364 1904 6.334 14445 16350 7413004 11 .646 
7.824 2988.182 1887 8.230 17257 19144 8679948 9.856 
9.367 2891.364 1875 10.165 20138 22013 9980449 8.516 
10.086 2854.545 1870 11 .073 21490 23360 10590431 8.005 
13.588 2720.909 1854 15.597 28167 30021 13611262 6.176 
18.233 2587.273 1839 21.604 36870 38708 17550050 4.750 
25000000 
20000000 / 7 
/ 
~ / / ..... 
~ 7 .. ' Q) 15000000 ~ / " ... ' Pe Predicted APL-0 /,.,/ 21 a.. 
Q) 77 > 
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5000000 
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40 0.002122 12n84 
4500000 45 0.002105 136451 3162938 21 .1707 1.399273 3.79 0.620184 5100000 
50 0.002088 142990 3682782 21 .1024 12.9316 1.247739 3.39 0.603735 6100000 
55 0.002071 154642 4381181 20.9745 12.3445 1.174398 3.21 0.653908 6700000 
60 0.002055 166653 5150689 21 .1411 11 .7489 1.087935 2.95 0.660345 7800000 
65 0.00204 179224 6000829 21.5704 11 .0336 0.989709 2.63 0.631666 9500000 
70 0.002026 199089 7178720 21.3098 11 .0082 1.000038 2.69 0.618855 11600000 
' .. 
Trials results Model Tests 
V Ps Pe+Ca PC 
30 3400000 1900000 0.55882 
40 4500000 2700000 0.6 
50 6100000 3850000 0.63115 
60 7800000 5500000 0.70513 
70 11600000 8200000 0.7069 
0.75 ~ 
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0. 0'551 
0.45 
~ PC Model Tests 
- x- PC Predicted 
~ ~ ~ ~ ro 
Speed [Knots) 
12000000 
10000000 
~ 
8000000 ... Q) 
/ 
~ 
0 -D---- Ps Prediction 
a.. 6000000 
-= ~
..r::. ······x··· · ·· Ps Trials 
CJ) 
iii 4000000 
-
.... 
0 
~ 
2000000 
0 
25 35 45 55 65 75 
Speed [Knots) 
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The following letter is a typed copy of a letter sent by Lorne Campbell du' th 
validation of the APL-21 prediction program. nng e 
John Bate 
29, Astral Gardens 
Ramble 
Southampton 
S0314RQ 
Dear John, 
33m Monol 90 knots 
LORNE CAMPBELL DESIGN 
Poole Boat Park 
West Quay Road 
Poole 
Dorset 
BR15 1 HX 
England 
0202666179 
09.05.94 
I thought a few different trim angles might be more useful than one condition. I'm afraid 
the results are in ancient imperial units! 
A few notes: 
1. Friction coefficient, CF = ( 0.075 Y (Old ITTC friction line - is there a newer loglo RN-2 
one?) 
2. 0.0004 Roughness allowance' is added to CF. Possibly over the top for some boats. 
3. Friction force, F = CF . ~.p. V2 A Cosf3 
4. I use actual boat speed, not speed of advance. 
5. Total drag = (.1-Aero lift) xTant + Flcost + Aero drag 
Possibly this should be F.cOSt but it gives an extra safety factor this way! 
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Trim F CF Aero Aero Lw Hyd' Hyd' EHP CG 
deg' Ibf Lift Drag ft c.p. Drag ft 
Ibf Ibf ft Ibf 
1.455 39581 .00211 6361 4124 33.35 30.11 44304 13384 30.73 
1.4 42730 .00209 6280 4114 36.33 32.55 47277 14202 33.09 
1.2 58063 .00202 5986 4079 51.17 44.42 61968 18253 44.58 
1.0 77853 .00195 5692 4045 70.88 60.12 81113 23535 59.82 
1.6 32780 .00216 6574 4151 27.00 24.85 37966 11640 25.67 
1.8 25956 .00222 6867 4189 20.78 19.58 31780 9941 20.61 
2.0 21071 .00228 7161 4229 16.43 15.82 27532 8777 11.02 
The aerodynamics are based on some wind tunnel tests I did on a delta shaped trimaran 
hull. This would probably give higher aero lift and, consequently, higher aero drag than a 
non lifting monohull. The EHP figures may be on the high side in the table but I am afraid 
you'll have to remember that I use my own propulsive coefficients to get the actual shaft 
horsepower figures. 
I hope this helps, all the best, 
Lome 
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RESULTS OF THE 'APL-21' PREDICTION PROGRAM. 
168 
Varied Displacement: 
Disp. Lamda R Pe Lk Lc d rau (eq) 
60000 1.859999 85731.59 2873990 20.27062 6.885355 1.142049 3.23 
74000 1.859999 98472.37 3301100 19.51508 7.640897 1.238867 3.64 
88000 1.859999 113190.7 3794505 18.91233 8.243649 1.335622 4.05 
102000 1.859999 129890.3 4354329 18.42023 8.735756 1.432311 4.46 
1 16000 1 .859999 148575.2 4980703 18.01083 9.145154 1.528926 4.87 
130000 1.859999 169030.5 5666430 17.67267 9.483311 1.62311 5.27 
144000 1.859999 191187.7 6409207 17.38887 9.767114 1.714862 5.66 
158000 1.859999 215513.9 7224699 17.13562 10.02036 1.808885 6.06 
172000 1.859999 241502.8 8095925 16.91884 10.23714 1.900473 6.4501 
186000 1.859999 269402.9 9031224 16.72668 10.4293 1.991972 6.8401 
200000 1.859999 298877.6 10019309 16.55933 10.59665 2.081037 7.2201 
Varied LCG 
LCG Lamda R Pe Lk Lc d rau (eq) 
7 1.329999 108310.9 3630919 13.95768 5.460312 1.235819 5.08 
7.8 1.499999 108056.8 3622401 15.53413 6.365852 1.275456 4.71 
8.6 1.679999 108392.4 3633650 17.21n3 7.310249 1.308848 4.36 
9.4 1.869999 109451 3669137 18.99858 8.303401 1.338406 4.04 
10.2 2.069999 111092.9 3724180 20.8889 9.333076 1.36246 3.74 
11 2.279998 113180 3794146 22.90891 10.37907 1.378498 3.45 
11.8 2.489998 115693.8 3878416 24.95372 11.40026 1.388503 3.19 
12.6 2.729998 119089.2 3992239 27.30826 12.54971 1.395782 2.93 
13.4 2.969998 122772.2 4115706 29.71973 13.64224 1.394706 2.69 
14.2 3.229997 127182.9 4263568 32.37038 14.78759 1.389295 2.46 
VariedVCG 
VCG Lamda R Pe Lk Lc d rau (eq) 
0.3 1.849999 109288.1 36636n 18.81303 8.19695 1.33516 4.07 
0.47 1.859999 109301.3 3664121 18.91233 8.243649 1.335622 4.05 
0.64 1.859999 109301.3 3664121 18.91233 8.243649 1.335622 4.05 
0.81 1.859999 109301.3 3664121 18.91233 8.243649 1.335622 4.05 
0.98 1.859999 109301.3 3664121 18.91233 8.243649 1.335622 4.05 
1.15 1.869999 109451 3669137 18.99858 8.303401 1.338406 4.04 
1.32 1.869999 109451 3669137 18.99858 8.303401 1.338406 4.04 
1.49 1.869999 109451 3669137 18.99858 8.303401 1.338406 4.04 
1.66 1.869999 109451 3669137 18.99858 8.303401 1.338406 4.04 
1.83 1.879999 109464.3 3669585 19.09827 8.349707 1.338n9 4.02 
2 1.879999 109464.3 3669585 19.09827 8.349707 1.338n9 4.02 
Varied Beam: 
Beam Lamda R Pe Lk Lc d rau (eq) 
4 3.699997 115458.3 3870521 16.78232 12.81765 1.742462 5.96 
4.6 3.139997 111152 3726161 16.96642 11.92155 1.593625 5.39 
5.2 2.729998 109894 3683990 17.25269 11.13929 1.46 4.91 
5.8 2.409998 108000 3548043 17.8166 10.13938 1.388475 4.47 
6.4 2.159998 106900 3656455 18.0981 9.2 1.35 4.2 
7 1.949998 106300 3552551 18.6 8.391587 1.299133 3.94 
7.6 1.779999 108000 3586165 19.4 7.7 1.274698 3.74 
8.2 1.639999 111300 3800739 20 7 1.27 3.64 
8.8 1.519999 113271.8 3797224 20.8 6.218947 1.24 3.56 
9.4 1.409999 114400 3767004 21.66317 5.3 1.250701 3.53 
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Varied deadrise 
Beta Lamda R Pe Lk Lc d fau (eq) 
0 1.879999 90800 3016214 13.72399 13.72399 0.665579 2.9 
2.5 1.869999 94500 3205138 14.6 12.74605 0.77 3.1 
5 1.869999 95753.8 3209966 15.4 11.83766 0.865872 3.28 
7.5 1.869999 98200 3218063 16.37969 10.92229 0.96 3.42 
10 1.869999 100700 3421452 17 10.1 1.03 3.57 
12.5 1.869999 102505.2 3436292 17.71311 9.6 1.121388 3.73 
15 1.869999 105100 3454727 18.2 8.9 1.22 3.9 
17.5 1.859999 109156.1 3659252 19 8.401598 1.324468 4.05 
20 1.859999 112500 3685227 19.55343 8 1 .44 4.21 
22.5 1.859999 116419 3902727 20 7.405041 1.535784 4.33 
25 1.859999 119400 3937412 20.52728 6.628706 1.65 4.46 
Varied Velocity: 
Speed Lamda R Pe lk Lc d fau (eq) 
40 1.949998 104979.7 2932706 18.77076 9.699222 1.557528 4.76 
45 1.889999 107449 3376900 19 8.797202 1.415799 4.27 
50 1.849999 108666.6 3794629 19.2 7.9 1.3 3.78 
55 1.819999 115210.8 4425468 19.66206 7 1.162574 3.45 
60 1.799999 126000 5371206 19.8 6.5 1.11 3.26 
65 1.789999 136127 6179604 20.10915 6 1.076885 3.1 
70 1.769999 148000 7351717 20.3 5.3 1.04 2.98 
75 1.759999 159751.4 8367758 20.6 5 0.977949 2.85 
80 1.749999 176130.4 9840730 21 4.795656 0.981208 2.71 
85 1.749999 193000 11518238 21.6 4.825036 0.96 2.62 
90 1.739999 205957.5 12945629 22.35784 4.8 0.96 2.46 
Varied Trim 
Tau(eq R Pe Lk Lc d 
0.5 9026435 269260 109.126 22.56767 0.952221 
1.35 5582105 166515.1 53.25692 21.20341 1.254628 
2.2 4466311 133230.8 35.81957 16.1564 1.374933 
3.05 3940370 117541.9 26.21441 12.03757 1.394698 
3.9 3691528 110118.9 19.84817 8.767811 1.34988 
4.75 3621718 108036.4 15.34937 6.258618 1.27096 
5.6 3681631 109823.6 12.10099 4.396998 1.180763 
6.45 3841357 114588.3 9.764872 3.083121 1.096867 
7.3 4062147 121174.5 7.985343 2.088653 1.01458 
8.15 4333782 129277.4 6.652298 1.377698 0.942995 
9 4646090 138593.6 5.669652 0.900347 0.886864 
Aerafoil Varied LCAL 
LCAL MD ML EM Trim (eq) R Lk Lc Dtx 
0 57544.28 -101.359 14231.56 4.019997 3672983 19.09827 8.3497 1.3388 
3.3 37358.84 -101.585 24073.21 4.0305 3672542 18.99858 8.3034 1.3384 
6.6 17048.43 -101.585 9098.394 4.0404 3672542 18.99858 8.3034 1.3384 
9.9 -3265.5 -101.698 18957.12 4.049998 3667530 18.91233 8.2436 1.3356 
13.2 -23597.9 -101.698 3966.112 4.06 3667530 18.91233 8.2436 1.3356 
16.5 -44024.9 -101.925 13749.65 4.069998 3667093 18.81303 8.197 1.3352 
19.8 -64539.3 -102.151 23529.17 4.08 3666660 18.71399 8.15 1.3346 
23.1 -84959.1 -102.151 8473.63 4.089999 3666660 18.71399 8.15 1.3346 
26.4 -105492 -102.265 18352.53 4.099999 3661653 18.62806 8.0899 1.3318 
29.7 -125933 -102.265 3280.899 4.1107 3661653 18.62806 8.0899 1.3318 
33 -146687 -102.491 13004.18 4.119999 3661225 18.52939 8.0426 1.3312 
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Aerofoil comparison (No foil) 
Hull c: 75 Knots: Te= 2.71 
Tau(eq R Lk Lc Depth 
2.45 59202.61 16.16717 -4.40238 0.691055 
2.51 56n8.46 15.64742 -4.42982 0.685208 
2.57 54357.63 15.13915 -4.46875 0.678788 
2.63 51940.29 14.64158 -4.51839 0.671794 
2.7 49542.94 14.11926 -4.54326 0.665059 
2.78 47166.38 13.57673 -4.54793 0.658438 
2.86 44794.87 13.04923 -4.56764 0.651052 
2.96 42462.5 12.47755 -4.54315 0.644277 
3.06 40136.83 11.92533 -4.53813 0.636547 
3.17 37835.71 11.36553 -4.52553 0.628453 
3.3 35578.06 10.77827 -4.48548 0.620395 
Aerofoil comparison (Aerofoil at stem for lift force ) 
Tau (eq: Lamda R Lk Lc Depth 
0.5 7.050066 451638.3 98.64727 -2.20235 0.860785 
0.67 5.600033 358982.4 75.93392 0.674536 0.887863 
0.84 4.540009 291334.9 61.06704 1.040285 0.895192 
1.01 3.729997 239726.5 50.47401 0.552355 0.889635 
1.18 3.069998 19n55.9 42.36275 -0.36518 0.87233 
1.35 2.539998 164134.2 36.04646 -1.29929 0.849184 
1.52 2.109998 136937.2 31.01603 -2.15125 0.822667 
1.69 1.759999 114880.5 26.95303 -2.87625 0.794834 
1.86 1.479999 97317.32 23.67383 -3.42745 0.768335 
2.03 1.249999 82967.52 20.96502 -3.86503 0.742584 
2.2 1.069999 71820.84 18.n364 -4.13605 0.720626 
2.37 0.919999 62602.79 16.92515 -4.33955 0.699846 
2.54 0.8 55305.68 15.39189 -4.4479 0.68207 
2.71 0.7 49292.5 14.084n -4.50877 0.66589 
2.88 0.62 44556.74 12.98795 -4.50636 0.652523 
3.05 0.55 40466.96 12.02076 -4.49676 0.639547 
3.22 0.49 37019.93 11.17349 -4.47029 0.627569 
3.39 0.44 34211.68 10.4384 -4.4192 0.617199 
3.56 0.4 32037.49 9.8092 -4.3372 0.609045 
3.73 0.36 29877.5 9.212379 -4.28758 0.599266 
3.9 0.33 28345.01 8.712096 -4.19n 0.592512 
4.07 0.3 26824.39 8.236429 -4.13243 0.584539 
4.24 0.27 25316.97 7.782415 -4.08881 0.575346 
4.41 0.25 24426.65 7.41595 -3.99595 0.570193 
4.58 0.23 23545.59 7.066503 -3.9201 0.564226 
4.75 0.22 23270.86 6.800644 -3.79104 0.563108 
4.92 0.2 22407.11 6.480002 -3.744 0.555715 
5.09 0.19 22144.24 6.24001 -3.64081 0.553576 
5.26 0.18 21886.37 6.011082 -3.54868 0.551028 
5.43 0.17 21633.78 5.792178 -3.46658 0.548071 
5.6 0.16 21386.84 5.582385 -3.39359 0.544705 
5.n 0.15 21145.92 5.380898 -3.3289 0.540931 
5.94 0.14 20911.48 5.187004 -3.2718 0.536748 
6.11 0.13 20684.04 5.000069 -3.22167 0.532156 
6.28 0.12 20464.2 4.819527 -3.1n93 0.527157 
6.45 0.12 20807.86 4.713274 -3.07167 0.529432 
6.62 0.11 20598.85 4.544055 -3.03926 0.523818 
6.79 0.11 20945.08 4.448264 -2.94346 0.525883 
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6.96 0.1 20748.06 4.28873 -2.92073 0.519655 
7.13 0.1 21097.03 4.201921 -2.83392 0.521509 
7.3 0.09 20913.46 4.050735 -2.81954 0.514667 
7.47 0.09 21265.38 3.971696 -2.7405 0.516311 
7.64 0.09 21617.42 3.896156 -2.66496 0.51795 
7.81 0.08 21452.15 3.755486 -2.66109 0.51029 
7.98 0.08 21807.39 3.686275 -2.59188 0.511719 
8.15 0.08 22162.78 3.619934 -2.52553 0.513143 
8.32 0.07 22018.66 3.487886 -2.53029 0.504666 
8.49 0.07 223n.54 3.426769 -2.46917 0.50588 
8.66 0.07 22736.59 3.368035 -2.41044 0.50709 
8.83 0.07 23095.84 3.311545 -2.35395 0.508296 
Aerofoil comparison (Aerofoil at stem for down-force) 
Tau (eq: R Lk Lc depth 
2.67 50775.75 14.36106 -4.51146 0.668938 
2.63 51968.99 14.64158 -4.51839 0.671794 
2.6 53178.8 14.88907 -4.49228 0.675363 
2.57 54389.5 15.13915 -4.46875 0.678788 
2.54 55601.08 15.3919 -4.4479 0.68207 
2.51 56813.5 15.64742 -4.42982 0.685208 
2.48 58026.75 15.90581 -4.41461 0.688203 
2.45 59240.81 16.16717 -4.40238 0.691055 
2.42 60455.65 16.43162 -4.39323 0.693764 
2.39 61671.25 16.69928 -4.38728 0.696329 
2.37 62902.36 16.92515 -4.33956 0.699845 
Veloci1y R Lk Lc depth Tau (eq) 
40 22916.8 11.89386 -0.94987 0.813046 3.919997 
45 24956.95 13.15314 -2.34595 0.745633 3.249998 
50 29063.51 13.10564 -2.29845 0.747507 3.269998 
55 33278.14 12.96707 -2.29668 0.746381 3.299998 
60 36752.16 15.21614 -4.54575 0.676934 2.549999 
65 41658.21 15.07075 -4.53715 0.675721 2.569999 
70 47368.05 15.0327 -4.4991 0.676636 2.579998 
75 53481.93 15.0327 -4.4991 0.676636 2.579998 
80 59331.69 14.88907 -4.49228 0.675363 2.599998 
85 66207.91 14.85189 -4.4551 0.676265 2.609998 
90 72593.07 14.7466 -4.4866 0.674042 2.619998 
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Variation of LCG with velocity. 
LCG Speed R [N] Tau (eq) LCG Speed R [NJ Tau (eq) 
2.5 40 19750.65 5.140023 5.3 40 26318.64 3.339998 
2.5 45 19814.02 4.48 5.3 45 29686.19 2.89 
2.5 50 22165.41 4.04 5.3 50 34908.34 2.7 
2.5 55.6 23500 3.65 5.3 55 40577.43 2.47 
2.5 60 25693.37 3.42 5.3 60 45852.83 2.33 
2.5 64.6 28827.05 3.3 5.3 65 52465.52 2.249999 
2.5 70 31743.14 3.299998 5.3 70 59486.87 2.269999 
2.5 75 35295.01 3.299998 5.3 75 67501.46 2.269999 
2.5 80.3 39091.84 3.299998 5.3 80 75377.56 2.289999 
2.5 85 43133.62 3.299998 5.3 85 83616.38 2.309999 
2.5 90 46585.94 3.339998 5.3 90 93087.38 2.309999 
LCG Speed R [N] Tau (eq) LCG Speed R[N] Tau (eq) 
3.2 40 20828.17 4.510009 5.999999 40 28458.42 3.079998 
3.2 45 21852.79 4 5.999999 45 32666.46 2.67 
3.2 50 24983.9 3.6 5.999999 50 38720.82 2.46 
3.2 55 28143.34 3.3 5.999999 55 45268.72 2.24 
3.2 60 30184.24 3 5.999999 60 51252.51 2.15 
3.2 65 34244.38 2.899998 5.999999 65 58862.06 2.099999 
3.2 70 38646.73 2.909998 5.999999 70 66959.61 2.119999 
3.2 75 42763.73 2.929998 5.999999 75 75527.84 2.139999 
3.2 80 47724.91 2.939998 5.999999 80 85255.94 2.149999 
3.2 85 52988.56 2.939998 5.999999 85 94795.98 2.159999 
3.2 90 57698.88 2.959998 5.999999 90 104763.3 2.169999 
LCG Speed R [NJ Tau (eq) 
3.9 40 22442.84 4.029998 
3.9 45 24242.67 3.57 
3.9 50 28112.24 3.26 
3.9 55 32107.67 2.98 
3.9 60 35273.01 2.75 
3.9 65 40330.73 2.619998 
3.9 70 45296.5 2.649998 
3.9 75 51079.58 2.649998 
3.9 80 56576.92 2.669998 
3.9 85 63063.35 2.669998 
3.9 90 69064.47 2.689998 
LCG Speed R [N] Tau (eq) 
4.6 40 24161.89 3.669997 
4.6 45 26986.42 3.2 
4.6 50 31450.48 2.98 
4.6 55 36282.29 2.71 
4.6 60 40505.98 2.52 
4.6 65 46123.13 2.419999 
4.6 70 52602.15 2.429999 
4.6 75 58943.2 2.449999 
4.6 80 66273.19 2.449999 
4.6 85 73293.23 2.469999 
4.6 90 81468.55 2.469999 
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Variation of Beam with velocity 
Beam Speed R [NJ Tau Ceq) Beam Speed R [NJ Tau Ceq) 
3 40 19250.05 5.510032 7.8 40 23704.48 3.419998 
3 45 19198.44 4.88 7.8 45 26500 3.24 
3 50 20198.89 4.38 7.8 50 31200 3.08 
3 55 21322.43 3.97 7.8 55 35522.52 2.87 
3 60 22548.05 3.67 7.8 60 41062.93 2.77 
3 65 23500 3.42 7.8 65 46521.67 2.749998 
3 70 25300 3.189998 7.8 70 52924.35 2.749998 
3 75 28000 3.02 7.8 75 59028.36 2.n9998 
3 80 31384.96 2.86 7.8 80 66263.39 2.n9998 
3 85 34605.84 2.729998 7.8 85 72941.7 2.799998 
3 90 37887.21 2.749998 7.8 90 79838.12 2.829998 
Beam Speed R [NJ Tau (eq) Beam Speed R [N] Tau (eq) 
4.2 40 19536.02 4.610011 9 40 26374.76 3.3 
4.2 45 20706.6 4.03 9 45 29164.16 3.14 
4.2 50 22156.42 3.659997 9 50 34434.24 3.02 
4.2 55 23764.49 3.36 9 55 39707.32 2.929998 
4.2 60 26000 3.169998 9 60 45965.3 2.9 
4.2 65 29400 3 9 65 51980.61 2.9 
4.2 70 32655.53 2.83 9 70 58271.32 2.85 
4.2 75 36383.56 2.7 9 75 65852.55 2.85 
4.2 80 40547.14 2.629998 9 80 72758.45 2.86 
4.2 85 44997.99 2.639998 9 85 81221.83 2.83 
4.2 90 49373.67 2.649998 9 90 88664.23 2.86 
Beam Speed R [N] Tau (eq) 
5.4 40 20618.9 4.069999 
5.4 45 22195.25 3.55 
5.4 50 25407.88 3.23 
5.4 55 27684.57 2.909998 
5.4 60 31459.33 2.86 
5.4 65 35743.85 2.67 
5.4 70 40045.75 2.56 
5.4 75 43718.06 2.5 
5.4 80 49019.35 2.5 
5.4 85 54154.75 2.5 
5.4 90 60057.73 2.5 
Beam Speed R [N] Tau Ceq) 
6.6 40 22316.1 3.849997 
6.6 45 24266.17 3.43 
6.6 50 28244.15 3.209998 
6.6 55 32339.88 3 
6.6 60 37061.85 2.83 
6.6 65 40852.75 2.74 
6.6 70 45963.56 2.64 
6.6 75 51903.07 2.58 
6.6 80 57598 2.559999 
6.6 85 64249.35 2.559999 
6.6 90 70486.77 2.579998 
177 
Variation of Deadrise with veloci1y 
Beta Speed R [N] Tau (eq) Beta Speed R [N] Tau (eq) 
0 40 16528.68 1.289999 25 40 21202.43 2.959998 
0 45 19720.56 1.059999 25 45 24105.39 2.629998 
0 50 23170.27 0.91 25 50 2n16.1 2.429998 
0 55 27462.1 0.83 25 55 31919.18 2.209998 
0 60.5 32046.45 0.75 25 60 36497.19 2.069999 
0 65.3 36900 0.66 25 65 41352.82 1.96 
0 70 42300 0.6 25 70 46675.97 1.859999 
25 75 52374.8 1.789999 
25 80 58969.28 1.709999 
25 85 65403.03 1.68 
25 90 71816.58 1.649999 
Beta Speed R [N] Tau (eq) 
6.25 40 17255.84 1.599999 
6.25 45 20047.27 1.309999 
6.25 50 23620.06 1.159999 
6.25 55 27758.45 1 
6.25 60 32437.51 0.92 
6.25 65 37414.8 0.84 
6.25 70 42523.66 0.76 
6.25 74.8 48000 0.68 
6.25 80 54700 0.63 
6.25 85 61068.01 0.6 
6.25 90 68467.8 0.59 
Beta Speed R [N] Tau (eq) 
12.5 40 18077.55 1.909999 
12.5 45 21088.05 1.619999 
12.5 50 24674.54 1.479999 
12.5 55 28705.33 1.3 
12.5 60 33345.07 1.169999 
12.5 65 37942.29 1.099999 
12.5 70 43296.02 1.02 
12.5 75 49300 0.93 
12.5 80 55898.18 0.85 
12.5 85 63002.51 0.78 
12.5 90 69237.73 0.77 
Beta Speed R [N] Tau (eq) 
18.75 40 19438.3 2.359998 
18.75 45 22418.83 2.089998 
18.75 50 25915.32 1.879999 
18.75 55 29894.83 1.71 
18.75 60 34403.64 1.55 
18.75 65 39537.19 1.429999 
18.75 70 44658.49 1.359999 
18.75 75 50603.55 1.279999 
18.75 80 56899.63 1.199999 
18.75 85 64031.73 1.16 
18.75 90 70893.82 1.15 
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Variation of Displacement with velocity 
Disp. Speed R [N] Tau (eq) Disp. Speed R [N] Tau (eq) 
5000 40 15384.42 1.629999 17000 40 22833.63 3.019998 
5000 45 18904.53 1.489999 17000 45 25558.83 2.689998 
5000 50 22642.1 1.4 17000 50 28n2.52 2.419998 
5000 55 26903.28 1.359999 17000 55 32820.25 2.199998 
5000 60 31322.26 1.289999 17000 60 37107.75 2.01 
5000 65 35879.33 1.219999 17000 65 42243.57 1.909999 
5000 70 40949.25 1.18 17000 70 47547.22 1.759999 
5000 75 46396.57 1.149999 17000 75 53230.73 1.689999 
5000 80 51858.99 1.14 17000 80 59095.09 1.619999 
5000 85 57518.25 1.14 17000 85 65867.7 1.539999 
5000 90 63277.22 1.14 17000 90 73063.72 1.459999 
Disp. Speed R [N] Tau (eq) Disp. Speed R [N] Tau (eq) 
8000 40 16845.66 1.999999 20000 40 25297.68 3.309997 
8000 45 20123.73 1.799999 20000 45 27633.22 2.909998 
8000 50 23924.51 1.659999 20000 50 30805.42 2.639998 
8000 55 28335.62 1.589999 20000 55 34469.58 2.38 
8000 60 33002.34 1.519999 20000 60 38920.2 2.18 
8000 65 37885.46 1.449999 20000 65 43405.31 2.03 
8000 70 42962.59 1.379999 20000 70 48837.86 1.9 
8000 75 48798.46 1.299999 20000 75 54312.3 1.78 
8000 80 54559.95 1.26 20000 80 60899.11 1.689999 
8000 85 60919.08 1.229999 20000 85 67099.n 1.619999 
8000 90 67090.7 1.239999 20000 90 74275.4 1.539999 
Disp. Speed R [N] Tau (eq) 
11000 40 18560.14 2.369998 
11000 45 21666.88 2.099998 
11000 50 25577.55 1.959999 
11000 55 29729.75 1.819999 
11000 60 34047.91 1.679999 
11000 65 39032.14 1.609999 
11000 70 44795.51 1.529999 
11000 75 50220.4 1.459999 
11000 80 56533.22 1.379999 
11000 85 63166.17 1.299999 
11000 90 69522.8 1.309999 
Disp. Speed R [N] Tau (eq) 
14000 40 20462.6 2.659998 
14000 45 23426.73 2.399998 
14000 50 27084.96 2.189998 
14000 55 31166.32 1.969999 
14000 60 35561.92 1.829999 
14000 65 40656.45 1.759999 
14000 70 45776.1 1.609999 
14000 75 51909.7 1.529999 
14000 80 57655 1.459999 
14000 85 64798.71 1.41 
14000 90 71842.27 1.379999 
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Vary beam and LCG. 
LCG Beam R [N] Tau (eq) LCG Beam R [NJ Tau (eq) 
1.5 3 19497.62 5.72 4.7 3 26072.85 3.1 
1.5 3.7 18808.35 4.8 4.7 3.7 29218.18 2.65 
1.5 4.4 18917.31 4.23 4.7 4.4 32722.06 2.36 
1.5 5.1 19339.6 3.78 4.7 5.1 36317.22 2.13 
1.5 5.8 19931.18 3.45 4.7 5.8 39749.75 1.96 
1.5 6.5 20922.68 3.27 4.7 6.5 43458.73 1.87 
1.5 7.2 21995.7 3.18 4.7 7.2 47307.17 1.82 
1.5 7.9 23004.07 3.05 4.7 7.9 51125.82 1.75 
1.5 8.6 23890.4 2.9 4.7 8.6 54325.56 1.67 
1.5 9.3 24942.37 2.87 4.7 9.3 58078.11 1.65 
1.5 10 26054.8 2.82 4.7 10 61187.54 1.63 
LCG Beam R [N] Tau (eq) LCG Beam R [NJ Tau (eq) 
2.3 3 20144.66 4.62 5.5 3 28560.63 2.79 
2.3 3.7 20633.66 3.89 5.5 3.7 32513.6 2.4 
2.3 4.4 21747.86 3.43 5.5 4.4 36684.15 2.15 
2.3 5.1 23025.05 3.08 5.5 5.1 408n.26 1.95 
2.3 5.8 24495.31 2.81 5.5 5.8 45237.62 1.79 
2.3 6.5 26220.49 2.67 5.5 6.5 49663.72 1.71 
2.3 7.2 28079.92 2.59 5.5 7.2 54030.55 1.67 
2.3 7.9 29764.97 2.49 5.5 7.9 58276.98 1.61 
2.3 8.6 31279.48 2.37 5.5 8.6 61920.12 1.54 
2.3 9.3 33120.13 2.34 5.5 9.3 66479.59 1.52 
2.3 10 34754.58 2.3 5.5 10 70345.06 1.5 
LCG Beam R[N] Tau (eq) 
3.1 3 21747.16 3.95 
3.1 3.7 23204.74 3.34 
3.1 4.4 25120.69 2.96 
3.1 5.1 27220.04 2.66 
3.1 5.8 29418 2.43 
3.1 6.5 31844.71 2.31 
3.1 7.2 34245.33 2.25 
3.1 7.9 36728.6 2.16 
3.1 8.6 39009.51 2.05 
3.1 9.3 41336.53 2.03 
3.1 10 43456.84 2 
LCG Beam R [N] Tau (eq) 
3.9 3 23743.27 3.48 
3.9 3.7 26125.06 2.95 
3.9 4.4 28844.79 2.62 
3.9 5.1 31687.74 2.36 
3.9 5.8 34612.76 2.16 
3.9 6.5 37615.07 2.06 
3.9 7.2 40939.28 2 
3.9 7.9 43759.26 1.93 
3.9 8.6 46790.24 1.83 
3.9 9.3 49817.73 1.81 
3.9 10 52279.24 1.79 
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Variation of LCG and Deadrise 
LCG Beta R [N1 Tau (eq) LCG Beta R [N) Tau (eq) 
1 0 17110.29 3.47 5 0 46011.02 1.54 
1 2.5 17118.84 3.66 5 2.5 45692.79 1.55 
1 5 18400 3.93 5 5 45813.25 1.69 
1 7.5 19200 4.3 5 7.5 46892.86 2.06 
1 9.95 19600 4.67 5 10 47173.32 2.15 
1 12.5 20295.29 5 5 12.5 47171.69 2.26 
1 15 20383.32 5.15 5 15 47621.21 2.26 
1 17.5 20489.42 5.4 5 17.5 47804.21 2.28 
1 20 21200 5.8 5 20 48055.06 2.42 
1 22.5 22700 6.36 5 22.5 49400 2.75 
1 25 23917.55 6.87 5 25 50432.2 2.99 
LCG Beta R [N1 Tau (eq) LCG Beta R [N) Tau (eq) 
2 0 23532.63 2.46 6 0 53570.65 1 .39 
2 2.5 23549.56 2.6 6 2.5 53618.58 1.39 
2 5 23600.49 2.88 6 5 53409.35 1.51 
2 7.5 24700 3.29 6 7.5 54384.74 1.8 
2 10 25607.02 3.48 6 10 54719.16 1.92 
2 12.5 25756.65 3.6 6 12.5 54794.02 2.04 
2 15 25942.5 3.71 6 15 54965.83 2.05 
2 17.5 25835.37 3.84 6 17.5 55607.88 2.05 
2 20 26700 4.2 6 20 55989.8 2.2 
2 22.5 28000 4.58 6 22.5 57544.49 2.47 
2 25 28819.15 4.74 6 25 58147.46 2.7 
LCG Beta R [N) Tau (eq) 
3 0 30736.03 2.02 
3 2.5 30760.8 2.06 
3 5 30835.34 2.29 
3 7.5 31800 2.75 
3 10 32468.61 2.88 
3 12.5 32691.56 2.94 
3 15 32617.02 2.97 
3 17.5 32945.39 3.07 
3 20 33333.11 3.29 
3 22.5 35042.85 3.75 
3 25 35545.73 3.88 
LCG Beta R [N) Tau (eq) 
4 0 38394.19 1.74 
4 2.5 38060.35 1.8 
4 5 38157.61 1.92 
4 7.5 39385.1 2.4 
4 10 39610.38 2.52 
4 12.5 39903.78 2.54 
4 15 39907.45 2.56 
4 17.5 40341.45 2.56 
4 20 40481.33 2.8 
4 22.5 42000 3.16 
4 25 42739.26 3.37 
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APPENDIX 4 
EXPERIMENTAL MODEL TEST APPARATUS. 
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Apparatus. 
The circulating water channel. 
Figure 1 illustrates the experimental set-up of the circulating water channel. The principal 
characteristics of the channel include the mass flowrate, and hence the volume flowrate, 
the depth of the flume, the breadth of the channel and thus primarily the speed of the water 
in the channel. The change in pressure head of the water over the length of the channel was 
of importance for determining the mass flowrate, and thus the water velocity. The head 
was determined by the difference in the height of the reservoir outlet to the channel and 
channel outlet to the collection trough. During initial set-up of the channel it was found 
that by filling in the sides of the channel between the metal frame structure and the glass 
channel walls, an extra 10 centimetres of reservoir head could be attained. Other methods 
of increasing the change in head across the channel were investigated, and although 
'permanent' adjustment of the channel was not permitted, thus preventing any movement of 
the reservoir height, the collection trough could be tilted, so that the downstream end of 
the channel could be lowered further, as shown in Figure 1 . 
Fi e 1. Profile of circulatin water channel. 
Water Chann~e::,l =======-- Reservoir 
Reservoir Dam 
Slope adjustment thread 
Sump 
Scales Water pump 
Optimisation of the water channel set-up was to attain the maximum water flow speed 
without reducing the depth of water in the channel. The following were the principal 
particulars: 
• Breadth: 23.20 cm 
• Water velocity: 3.50 ms-1 
• Water depth: 4.50 cm 
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From this data, the model hull breadth could be detennined, based on beam velocity 
coefficient scaling, since the resistance of the hull is almost entirely frictional at the scaled 
velocities, and Reynolds numbers would be of similar magnitude and both in the fully-
turbulent regime. The beam velocity coefficient was used as follows: 
[1] 
For a craft travelling at 90 knots with a beam of 8.14 metres, based on the given water 
channel data, a model beam ofO.0465m was derived. 
The Reynolds numbers were checked using equation [2], and both model and full scale 
values were supercritical. The water flow in the channel was also turbulent, which 
improved the correlation of the model test results to the practical full scale situation. 
VS·AS· bs _ Vm·Am· bm 
vsw vfw 
[2] 
The Reynolds number for the full scale craft was 1.3 xI09, and the Reynolds number for 
the model was 1.1 xl06. 
Figure 1 illustrates the water collection trough mounted on scales for mass flowrate 
measurement. By plugging the drainage pipe and measuring the change in mass on the 
scales, for a given time (20 seconds used), the mass flowrate could be determined From 
knowledge of the water channel width and depth (and hence area) the water velocity in the 
channel could be calculated: 
(M2-M~ 
( p ) = Velocity 
width. Depth 
[3] 
Mean results for M 1 and M2 were 170 and 1778 lbs, hence the mean mass increment over 
the 20 second measurement was 1608 lbs, which is 730.8 Kg/20s, or 36.5 Kg/s. Thus from 
equation [3] the water velocity was calculated as 3.5 m/s. 
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Water temperature was measured with a standard mercury th 
ennometer and the average 
temperature, measured in the reservoir, was 14.9 degrees eels· F h IUS. res water was used· 
~ 
the sump was filled via a tap and hose. 
The wind tunnel. 
Figure 2 illustrates the method of attachment of the wind tunnel to the water channel. A 
plywood connection tunnel was constructed to join the air pump to the water channel, and 
perspex sheets were cut to create the air tunnel/water channel roof, and also the 
intermediate air tunnel floor. 
Fi e 2. Wind tunnel assembl and model test area. 
Strain rod with gauge 
Tunnel roof \ Air pump 
[ Plywood tunnel \ 
I Model test area 
L Tunnel intermediate floor 
Water Collection Trough 
Perspex was used for the wind tunnel intermediate floor and roof, and was cut to allow a 
very tight fit. By wedging the sheets into place, minimum flow obstacles were 
incorporate~ and minimum flow disturbance was ensured. A honeycomb of 1 cm spacing 
was incorporated in the downstream (pump) end of the tunnel to eradicate any air swirling 
caused by the pump rotor. The air pump was controlled by a variable speed motor control 
unit. 
The purpose of the intermediate wind tunnel floor was to separate the air and water flow at 
the downstream end of the test channel. It was necessary to ensure that this floor was 
aligned precisely to the water flow to prevent water from flooding onto the top-surface of 
the tunnel floor, and simultaneously not to allow air to circulate around the end of the floor 
from underneath. The connection of the plywood tunnel to the water channel was by 
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inserting it between the glass channel walls and sealed to prevent air entering the tunnel 
from the plywood/perspex connections. 
The model test area was positioned sufficiently far downstream from the wind tunnel 
opening to ensure that errors caused by air-drawing around the tunnel roofwere negligible. 
The blockage effect of the hull in the wind tunnel was considered, however the transverse 
sectional profile of the model was at maximum 3.5% of the tunnel cross-sectional area, 
and was thus considered insignificant. 
The strain rod was mounted sufficiently far upstream of the wind tunnel to ensure that 
interaction effects were not significant. 
The wind tunnel dimensions were calculated as follows, based on scaling of the hull 
lengths, since the length was felt to be the prime nondimensionalising characteristic of the 
hull aerodynamic forces, thus: 
[4] 
Again, using a scale speed of 90 knots and hull length of 35.60 metres, a model length of 
0.40 metres indicated that the wind tunnel velocity should be 4.91 mls. 
Previous work undertaken with the wind tunnel had calibrated the wind tunnel to 10 mls 
for a 0.16 m by 0.16 m test section, at maximum setting; thus the required wind tunnel 
depth, for a 0.232 m channel width and 4.91 mls flow speed could be determined from the 
volume flowrate: 
Q=V.b.d 
Q= 10xO.16xO.16 
Q = 0.256 m3/s 
Hence the wind tunnel depth was calculated to be 0.225 m. 
186 
[5] 
Model and bridle configuration. 
It has been shown how the model beam was detennined from the water channel optimum 
configuration. The model length was detennined from the length to beam ratios of modem 
very high speed craft, and in conjunction with personal views that future very high speed 
craft will evolve with increased length to beam ratios, a value of A = 8.5 was usecL and 
hence the 40 cm length was detennined. 
For the model tests the following models were constructed: 
• 0 Degrees deadrise: Length = 15 cm, 20 cm, 25 cm, 35 cm, 40 cm, 45 em. 
• 10 Degrees deadrise: Length = 40 cm. 
• 20 Degrees deadrise: 
• 30 Degrees deadrise: 
Length = 40 cm. 
Length = 40 cm. 
The flat plate models (depicted in Figure 3) were constructed from plywood with a resin 
and glass-fibre coating. The model thickness was 0.5 cm. The 'chine' edges and transom 
heel were sharpened and the model surface was polished to remove any visible roughness. 
The deadrise models were constructed in a similar manner to the flat plate models, but a 
thicker section was used to allow the deadrise to be eut into the block; all other 
characteristics being the same. The models were all marked with a permanent pen for 
length and depth gradings. Furthermore, a practical consideration was that the models 
required a minimal amount of bow wedge angle to ensure that flow irregularities during 
large LeG tests would not force the hull to nose-dive (this could uncalibrate the strain 
gauge by bending the strain bar beyond its yield point). 
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Fi e 3. Outline of the flat late model. 
Body 
Plan 
Profile 
Investigation of the optimal bridle/tow connection and configuration resulted in a flat thin , 
copper plate (0.1 mm), with a fold at one end containing the bridle line, as shown in Figure 
4. The plate was of the same width as the model hulls. This method had the advantage of 
being both easy to place accurately, and reasonably fast to adjust; this was important since 
many adjustments were anticipated for all the model tests. 
Fi e 4. Bridle conti ation. 
Profile Fold 
. 
Plan 
The bridle plate was connected to the hull so as to allow fast, accurate placement and 
adjustment. The upstream bridle connection to the strain bar was again a simple 
arrangement of sliding two loops up around a circular end section of the bar. A mark was 
made to ensure that the same position was used each time. Variations of strain bar 
connections were tested, including spreader arrangements, but a single source for the 
bridles was essential to prevent yaw, and thence roll instabilities from occurring. The use 
of long, fine bridle lines meant that their induced drag was minimised and the tow 
direction was horizontal. 
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The Strain gauge, strain bar and strain box. 
The strain gauge was attached to the steel strain bar by a waterproof epoxy glue; the strain 
bar was held in position using a clamping arrangement to the water channel frame. 
Calibration was undertaken by clamping the gauge horizontally, and suspending known 
weights at the towing position. Table 1 shows the calibration results, and Figure 5 
illustrates this variation of strain with mass: 
Table 1 Variation of strain with mass 
Mass [Kg] 
0 
0.025 
0.051 
0.0755 
0.0852 
0.092 
0.120 
0.1328 
0.149 
Fi e 5 . Variation of strain with mass. 
400 
Strain 300 
guage 200 
reading 100 
Strain meter readin~ 
0 
55 
110 
165 
184 
200 
261 
289 
325 
O~----~----~--~ 
o 0.05 0.1 0.15 
Mass [Kg] 
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From the gradient of the strain/mass slope, the resistance of the hull could be calculated 
from the strain meter reading by equation [6]: 
Resistance [Kg] = (0.458511000) x Meter reading [6] 
Measurements. 
Measurement of the model planing characteristics included the following: 
• Resistance - using the strain gauge. 
• Transom depth below datum waterline. 
• Wetted keel length. 
• Trim. 
Furthermore the LCG of the model was recorded with details of which model was used. 
The model measurement configuration is indicated below in Figure 6. 
Fi e 6. Confi ation of the model test facili and measurements. 
Ballast weight 
\ . :. 
Wetted Keel length Bridle Line 
Finally, measurement of the models masses and the ballast masses was required; this was 
undertaken using scales accurate to 0.01 g, although this accuracy was felt to be excessive 
and numbers have been rounded to the nearest 0.1 g. Model weights were as follows as 
shown below in Table 2: 
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Table 2. Model weights. 
Model Weight /Kgl 
15 cm, 0 degrees 0.0143 
20cm, 0 degrees 0.0211 
25cm,0 degrees 0.0295 
35 cm, 0 degrees 0.0392 
45 cm, 0 degrees 0.0492 
40 cm, 0 degrees 0.1744 
40 cm, 10 degrees 0.1444 
40 cm, 20 degrees 0.1215 
40 cm, 30 degrees 0.1055 
These weights had to be added to the ballast weight for the total model running weight. A 
full range of individual ballast weights were cut from lead and steel. 
Estimated experimental errors were based on the accuracy of the measuring system; a net 
estimated error for A and A 1 was between 5 and 10%, depending on the running conditions 
of the craft. This value is pertinent to the calculation of the flat plate lift coefficient CLo in 
the prediction method, and hence a maximum resultant error of5.2 % was determined. 
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APPENDIX 5 
RESULTS OF THE GROUP 1 MODEL TESTS 
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.... 
\0 
w 
No Wind Beam = 4 em 
Mass Depth Lw Trim Lamda Lamda.l Hull 
149 1.7 36 4 9 6.09261604 45 
149 2 32 5 . 8 5.73684868 45 
149 
92 
92 
92 
79.9 
75.2 
75.2 
45 
45 
45 
25.6 
25.6 
25.6 
241 
241 
149 
149 
92 
92 
92 
79.9 
75.2 
45 
1.8 
1.3 
1.2 
1.4 
1.2 
1.1 
1.2 
1.1 
0.9 
1.1 
0.7 
0.8 
2.5 
2.3 
2 
1.4 
1.3 
1.2 
0.9 
1 
0.7 
1.2 
28 
34 
30.5 
27 
34 
30 
27 
34 
27 
26 
33 
31 
25 
27 
22 
26 
20.5 
24 
16.5 
15 
18 
14 
24 
5 
4 
4 
4 
3 
4 
4 
3 
3 
4 
3 
2 
3 
7 
7 
6 
5 
5 
5 
6 
5 
5 
4 
7 5.16316381 
8.5 4.65905933 
7.625 4.30067015 
6.75 5.01744851 
8.5 5.73218884 
7.5 3.94228097 
6.75 4.30067015 
8.5 5.25450643 
6.75 4.29914163 
6.5 3.94228097 
8.25 4.77682403 
7.75 5.014392 
6.25 3.82145922 
6.75 5.12843607 
5.5 4.71816119 
6.5 4.7833795 
5.125 4.01579408 
6 3.72895164 
4.1253.44210921 
3.75 2.15252078 
4.5 2.86842434 
3.5 2.00789704 
6 4.30067015 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
45 
35 
35 
35 
35 
35 
35 
35 
35 
35 
35 
Beta = 0 degrees 
L<:R R d Lamda R 
20 5.858 -3.75 -2.41 
18 5.216 0 -2.15 
16.5 
20 
18 
16.5 
20 
18 
16.5 
20 
18 
16.5 
20 
18 
16.5 
15 
12.5 
15 
12.5 
15 
12.5 
10 
12.5 
10 
15 
4.575 
5.537 
4.976 
4.414 
5.537 
4.895 
4.414 
5.537 
4.414 
4.254 
5.376 
5.056 
4.094 
4.414 
3.613 
4.254 
-0.25 
-3.25 
-0.125 
-0.5 
-1.75 
-2.5 
-0.5 
-3.25 
-0.5 
-1 
-2.25 
-1.5 
-2 
-0.75 
-1.5 
-1 
-1.89 
-2.28 
-2.05 
-1.83 
-2.28 
-2.02 
-1.83 
-2.28 
-1.83 
-1.76 
-2.21 
-2.08 
-1.7 
-1.83 
-1.5 
-1.76 
3.372 -1.625 -1.4 
3.933 -1 -1 .63 
2.731 -0.625 -1.15 
2.49 1.25 -1.05 
2.971 -2 -1.24 
2.33 
3.933 
0.875 
-2.75 
-0.98 
-1.63 
With Wind 
Mass DeDth Lw Trim Lamda Lamda.1 
149 1.8 21 6 5.25 4.305042 
149 1.7 32 3 8 8.120601 
149 
92 
92 
92 
79.9 
75.2 
75.2 
45 
45 
45 
25.6 
25.6 
25.6 
241 
149 
149 
92 
92 
79.9 
45 
45 
26.7 
26.7 
1.8 
1.4 
1.3 
1.2 
1.1 
1.2 
1.1 
1.1 
1 
0.9 
0.7 
0.8 
2.5 
1.4 
2 
1.2 
1.4 
1.3 
0.7 
1.2 
0.6 
27 
21 
30 
25 
27 
20 
25 
21 
25 
22 
24 
25 
17 
24 
16 
22 
14 
20 
14 
20 
10 
17.5 
13 
4 
5 
3 
3 
2 
5 
3 
4 
2 
2 
2 
2 
3 
7 
5 
5 
4 
6 
4 
5 
4 
5 
4 
6.75 
5.25 
7.5 
6.25 
6.75 
5 
6.25 
5.25 
6.25 
5.5 
6 
6.25 
4.25 
6 
4 
5.5 
3.5 
5 
3.5 
5 
2.5 
4.375 
3.25 
6.451005 
4.015794 
6.209871 
5.732189 
7.879759 
3.442109 
5.254506 
3.942281 
7.163417 
6.447075 
7.163417 
5.014392 
3.821459 
5.128436 
4.015794 
5.736849 
4.30067 
3.348366 
3.583892 
3.728952 
2.508724 
3.442109 
2.150335 
Hull Le, 
45 16.5 
45 20 
45 18 
45 16.5 
45 20 
45 18 
45 20 
45 16.5 
45 18 
45 16.5 
45 20 
45 18 
45 20 
45 18 
45 16.5 
35 15 
35 12.5 
35 15 
35· 12.5 
35 15 
35 12.5 
35 15 
35 12.5 
35 15 
35 12.5 
No Wind Beam = 4 em Beta = 0 degrees I With Wind Mass DeEth Lw Trim Lamda Lamda.1 Hu" LeS R d Lamda R Mass Depth Lw Trim Lamda Lamda.1 Hu" Leg 
45 0.6 16.5 4 4.125 2.15033507 35 12.5 2.731 -4.125 -1.15 
26.7 1 22.5 3 5.625 4.77682403 35 15 3.693 -5.625 -1.53 
26.7 0.5 17 3 4.25 2.38641201 35 12.5 2.811 -4.25 -1.18 
149 1.3 13.5 9 3.375 2.07754444 25 8 2.25 -0.45 -0.95 92 1.5 11.7 9 2.925 2.397167 25 9.375 
92 1.3 13.5 8 3.375 2.33521815 25 9.375 2.25 -0.375 -0.95 79.9 1.3 12 8 3 2.335218 25 9.375 
92 1.2 11.5 10 2.875 1.72762877 25 9.375 1.929 0.5 -0.82 79.9 1.4 13.5 9 3.375 2.237356 25 11.2 
92 1.1 10 9 2.5 1.75792222 25 8 1.688 1.25 -0.72 26.7 0.8 15 5 3.75 2.294739 25 11.2 
92 0.9 8.5 10 2.125 1.29572158 25 6.2 1.448 0.625 -0.63 26.6 0.8 11 8 2.75 1.437057 25 9.375 
79.9 1.2 16 7 4 2.46164932 25 11.2 2.65 -4 -1.11 
79.9 1.2 13 7 3.25 2.46164932 25 9.375 2.169 -3.25 -0.92 
79.9 0.7 9.5 7 2.375 1.4359621 25 8 1.608 -2.375 -0.69 
79.9 0.8 9 9 2.25 1.27848888 25 6.2 1.528 -2.25 -0.66 
-'\0 73 1.3 13 10 3.25 1.87159784 25 9.375 2.169 -3.25 -0.92 ~ 
45 0.7 9 6 2.25 1.67418283 25 8 1.528 -2.25 -0.66 
26.7 0.6 16 4 4 2.15033507 25 11.2 2.65 -4 -1.11 
26.6 0.6 12 6 3 1.43501385 25 9.375 2.009 -3 -0.85 
75.2 9.5 8 2.375 1.79632166 20 7.5 1.608 0.875 -0.69 92 1.4 13 10 3.25 2.015567 20 7.5 
75.15 0.5 8 7 2 1.02568721 20 6.3 1.368 0.625 -0.6 75.2 1.1 10.5 10 2.625 1.58366 20 7.5 
75.15 0.5 5 11 1.25 0.65510449 20 5 0.887 3.25 -0.4 75.15 0.4 18 3 4.5 1.91073 20 6.3 
43 0.6 8 4 2 2.15033507 20 7.5 1.368 1.125 -0.6 73 1.3 12.5 9 3.125 2.077544 20 7.5 
25.6 0.4 10 3 2.5 1.91072961 20 7.5 1.688 -0.25 -0.72 43 0.6 9 5 2.25 1.721055 20 7.5 
25.6 0.5 10 4 2.5 1.7919459 20 7.5 1.688 0 -0.72 25.6 0.5 10 5 2.5 1.434212 20 7.5 
25.6 0.5 10 4 2.5 1.7919459 20 6.3 1.688 -0.625 -0.72 25.6 0.5 7.5 4 1.875 1.791946 20 6.3 
25.6 0.6 7.5 5 1.875 1.721055 20 7.5 
APPENDIX 6 
RESULTS OF THE GROUP 2 MODEL TESTS 
195 
No Wind Beam= 4.65 em B= 30 With Wind 
Mass Res' De th Lw Trim Lamda Lamda.1 P I Mass Res' Deeth Lw Trim Lamda Lamda.1 P Leg 
149 230 3 40 3.5 8.6022 10.568 N 10.06 149 255 3.3 40 3.5 8.6022 11.6248 N 17.5 
149 210 3.2 40 3.5 8.6022 11.2725 N 16.8 10.06 149 240 3.3 40 4 8.6022 10.1736 N 16.8 
149 200 3.3 38 4.5 8.172 9.04518 N 16.1 9.45 149 220 3.4 37 4.5 7.957 9.31927 N 16.1 
149 185 3.3 37 5 7.957 8.14262 N 15.3 9.144 149 195 3.5 33 5.5 7.0968 7.85311 N 15.3 
149 170 3.4 34 6 7.3118 6.99505 N 14.3 8.227 149 195 3.6 29 6.5 6.2366 6.83896 N 14.3 
149 165 3.5 32 6.5 6.8817 6.64899 N 13.5 7.615 149 195 3.8 26 7 5.5914 6.70557 N 13.5 
4.3011 6.02637 N 
\0 
149 170 3.6 24 7 5.1613 6.35264 N 12.7 5.169 149 205 3.9 20 8 12.7 0\ ...... 
92 210 2.9 40 2.5 8.6022 14.2977 N 16.9 12.2 92 210 3 40 2.5 8.6022 14.7907 N 16.9 
92 190 2.9 39 2.5 8.3871 14.2977 N 16.1 11.85 92 195 3 39 3 8.3871 12.3273 N 16.1 
92 175 3 38 3.5 8.172 10.568 N 15.6 11.49 92 185 3.1 37 4 7.957 9.55704 N 15.6 
92 175 3 37 4 7.957 9.24875 N 15.1 11.13 92 185 3.1 34 4 7.3118 9.55704 N 15.1 
92 160 3 35 4.5 7.5269 8.22289 N 14.3 10.41 92 175 3.1 32 4.5 6.8817 8.49698 N 14.3 
92 160 3 32 4.5 6.8817 8.22289 N 13.6 9.33 92 175 3.2 29 5 6.2366 7.89588 N 13.6 
92 160 3.1 28 5 6.0215 7.64913 N 13.2 7.892 92 175 3.3 26 5 5.5914 8.14262 N 13.2 
92 155 3.1 25 5 5.3763 7.64913 N 12.5 6.814 92 170 3.4 22 5.5 4.7312 7.62873 N 12.5 
92 150 3.3 24 5.5 5.1613 7.40436 N 12 6.455 92 170 3.5 20 6 4.3011 7.20079 N 12 
68.6 170 2.4 38 2 8.172 14.789 N 15.8 13.96 68.6 190 2.5 38 2 8.172 15.4052 N 15.8 
68.6 155 2.2 37.5 2 8.0645 13.5566 N 14.5 13.71 68.6 170 2.6 37 2.5 7.957 12.8186 N 14.5 
68.6 145 2.5 30 3.5 6.4516 8.80666 N 13.3 9.971 68.6 160 2.8 25 4 5.3763 8.63217 N 13.3 
68.6 140 2.7 28 4 6.0215 8.32388 N 12.8 8.974 68.6 150 3.1 24 5 5.1613 7.64913 N 12.8 
68.6 135 2.9 26 4.5 5.5914 7.94879 N 12.6 7.978 68.6 148 3.3 21 5.5 4.5161 7.40436 N 12.6 
68.6 130 3.3 24 5 5.1613 8.14262 N 12.2 6.982 68.6 145 3.5 19 6 4.086 7.20079 N 12.2 
No Wind Beam= 4.65 em B= 20 de rees With Wind 
Mass Res' De th Lw Trim Lamda Lamda.1 P Le I Mass Res' De~th Lw Trim Lamda Lamda.1 P Leg 
149 240 2.8 40 4 8.6022 8.63217 N 17.1 149 270 2.9 40 4 8.6022 8.94046 N 17.1 
149 200 3 36 4.5 7.7419 8.22289 N 15.7 7.754 149 240 3.1 36 4.5 7.7419 8.49698 N 15.7 
149 195 3.1 32 6 6.8817 6.37784 N 14.9 6.623 149 235 3.2 29 5 6.2366 7.89588 N 14.9 
149 185 3.2 28 7 6.0215 5.64679 N 13.6 5.493 149 220 3.3 25 7 5.3763 5.82326 N 13.6 
149 180 3.3 26 8 5.5914 5.09924 N 13.1 4.927 149 220 3.4 21 8.5 4.5161 4.94679 N 13.1 
92 170 2.8 40 3 8.6022 11.5055 N 15.7 11.3 92 200 2.8 40 3 8.6022 11 .5055 N 15.7 
I"-
92 170 2.8 37.5 3 8.0645 11.5055 N 15.3 10.58 92 195 2.9 36 3.5 7.7419 10.2157 N 15.3 0\ 
-92 170 2.9 35 4 7.5269 8.94046 N 14.7 9.863 92 195 2.9 30 4 6.4516 8.94046 N 14.7 
92 160 2.9 31 4.5 6.6667 7.94879 N 14.3 8.717 92 190 3 26 5 5.5914 7.40239 N 14.3 
92 160 3 27.5 5 5.914 7.40239 N 13.6 7.714 92 180 3 24 5.5 5.1613 6.73124 N 13.6 
92 165 3 26 5 5.5914 7.40239 N 13.2 7.284 92 180 3.1 22 6 4.7312 6.37784 N 13.2 
92 165 3.1 25 5 5.3763 7.64913 N 12.9 6.998 92 180 3.1 20 6.5 4.3011 5.88911 N 12.9 
92 165 3.1 22.5 6 4.8387 6.37784 N 12.1 6.282 92 180 3.3 18 7 3.871 5.82326 N 12.1 
68.6 170 2.2 37 2 7.957 13.5566 N 16.5 12.81 68.6 200 2.2 37 2 7.957 13.5566 N 16.5 
68.6 170 2.4 36 2.5 7.7419 11.8325 N 15.5 12.37 68.6 190 2.3 34 2.5 7.3118 11.3395 N 15.5 
68.6 145 2.5 33 3 7.0968 10.2727 N 14.9 11.05 68.6 175 2.5 30 3.5 6.4516 8.80666 N 14.9 
68.6 145 2.5 29 3 6.2366 10.2727 N 14.4 9.298 68.6 175 2.8 26 4 5.5914 8.63217 N 14.4 
68.6 145 2.6 27 4 5.8065 8.01559 N 13.8 8.422 68.6 160 3 25 5 5.3763 7.40239 N 13.8 
68.6 140 2.7 23 5 4.9462 6.66215 N 13 6.668 68.6 155 3.1 20 5.5 4.3011 6.95561 N 13 
No Wind Beam= 4.65 em B= 10 de rees With Wind 
Mass Res' De th Lw Trim Lamda Lamda.1 P Le R I Mass Res' De~th Lw Trim Lamda Lamda.1 P Leg 
149 185 2.8 37.5 4.5 8.0645 7.6747 N 16.5 7.136 149 215 3.1 37 5 7.957 7.64913 N 16.5 
149 180 2.9 36 5.5 7.7419 6.50686 N 15.9 6.802 149 210 3.2 34 6 7.3118 6.58358 N 15.9 
149 170 2.9 31 7 6.6667 5.11741 N 15.1 5.692 149 205 3.4 28 7 6.0215 5.99972 N 15.1 
149 170 3.1 26 8 5.5914 4.79019 N 14 4.582 149 205 3.5 21 9.5 4.5161 4.56042 N 14 
149 165 3.1 23 9.5 4.9462 4.03923 N 13.1 3.916 149 200 3.6 16 11 3.4409 4.05742 N 13.1 
92 190 2.5 40 3 8.6022 10.2727 N 17.5 10.61 92 210 2.5 40 2.5 8.6022 12.3256 N 17.5 
00 
92 190 2.5 40 3 8.6022 10.2727 N 17.2 10.61 92 210 2.5 40 3 8.6022 10.2727 N 17.2 0\ 
-92 175 2.5 38 3 8.172 10.2727 N 16.8 9.933 92 200 2.6 35 3.5 7.5269 9.15893 N 16.8 
92 175 2.6 37 3.5 7.957 9.15893 N 16.4 9.594 92 205 2.6 34 4 7.3118 8.01559 N 16.4 
92 170 2.6 32 4 6.8817 8.01559 N 15.9 7.903 92 200 2.7 30 4.5 6.4516 7.4006 N 15.9 
92 175 2.6 30 4 6.4516 8.01559 N 15.4 7.226 92 205 2.7 28 5 6.0215 6.66215 N 15.4 
92 170 2.7 29 4.5 6.2366 7.4006 N 15 6.888 92 200 2.7 27 5 5.8065 6.66215 N 15 
92 170 2.7 26 5 5.5914 6.66215 N 14.4 5.873 92 195 2.8 22 7 4.7312 4.94094 N 14.4 
92 170 2.7 25 6 5.3763 5.55489 N 14 5.534 92 195 2.8 21 7.5 4.5161 4.61325 N 14 
92 170 2.8 24 7 5.1613 4.94094 N 13.5 5.196 92 195 2.8 20 8 4.3011 4.32662 N 13.5 
92 170 2.8 23 8 4.9462 4.32662 N 13.2 4.858 92 195 2.9 17 9 3.6559 3.98669 N 13.2 
92 175 2.8 22 9 4.7312 3.84921 N 13 4.519 92 195 3 15 10 3.2258 3.71533 N 13 
68.8 180 1.9 37 2 7.957 11.708 N 17.7 12.16 68.8 190 1.9 37 2 7.957 11.708 N 17.7 
68.8 145 2.3 34 2.5 7.3118 11.3395 N 16.4 10.67 68.8 150 2.3 33 2.5 7.0968 11.3395 N 16.4 
68.8 135 2.4 32 3 6.8817 9.86183 N 16 9.669 68.8 145 2.4 30 3 6.4516 9.86183 N 16 
68.8 125 2.5 30 3.5 6.4516 8.80666 N 15.4 8.671 68.8 140 2.4 27 4 5.8065 7.399 N 15.4 
68.8 125 2.5 29 4 6.2366 7.70729 N . 15 8.172 68.8 145 2.4 26 4.5 5.5914 6.57831 N 15 
68.8 130 2.5 27 4.5 5.8065 6.85241 N 14.4 7.175 68.8 140 2.5 23 5 4.9462 6.16865 N 14.4 
68.8 130 2.5 24.5 5 5.2688 6.16865 N 13.5 5.928 68.8 150 2.5 17 6 3.6559 5.14342 N 13.5 
No Wind Beam= 4 em B= 0 de rees With Wind 
Mass Res' De th Lw Trim Lamda Lamda.1 P Le I Mass Res' DeEth Lw Trim Lamda Lamda.1 P Leg 
149 150 2.6 35 5.5 8.75 6.78172 N 20 149 165 2.7 35 5.5 8.75 7.04256 N 20 
149 150 2.7 32.5 6 8.125 6.45756 N 19 149 160 2.8 32.5 6.5 8.125 6.18356 N 19 
149 150 2.8 32 7 8 5.74385 N 18 6.014 149 160 2.8 29.5 7.5 7.375 5.3629 N 18 
149 150 2.8 28 8 7 5.0297 N 16.5 4.902 149 155 2.9 26 9 6.5 4.63452 N 16.5 
149 140 2.8 26 9.5 6.5 4.24119 N 15.4 4.346 149 155 3 22 10.5 5.5 4.11555 N 15.4 
149 140 2.9 24 11 6 3.79961 N 14.5 3.79 149 150 3.1 18 12 4.5 3.72754 N 14.5 
92 140 2.1 38 3.5 8.5997 N 20 9.031 92 160 2.2 38 3.5 9.5 9.00921 
0'1 
9.5 N 20 0'1 
.-. 
92 135 2.1 37 3.5 9.25 8.5997 N .19.5 8.693 92 160 2.2 36 3.5 9 9.00921 N 19.5 
92 135 2.2 35 4 8.75 7.88456 N 18.9 8.016 92 160 2.3 32 4 8 8.24295 N 18.9 
92 130 2.2 32 4 8 7.88456 N 18.3 7 92 155 2.4 30 5 7.5 6.88422 N 18.3 
92 130 2.3 30 5 7.5 6.59738 N 17.6 6.323 92 155 2.4 25 6 6.25 5.74006 N 17.6 
92 130 2.4 28 6 7 5.74006 N 16.9 5.646 92 150 2.5 23.5 7 5.875 5.12844 N 16.9 
92 130 2.4 26 7 6.5 4.9233 N 16.3 4.969 92 150 2.5 22 8 5.5 4.4908 N 16.3 
92 125 2.4 25 8 6.25 4.31117 N 15.8 4.63 92 140 2.6 19 9 4.75 4.15509 N 15.8 
92 125 2.4 24 8.5 6 4.05928 N 15.2 4.292 92 140 2.7 14 10 3.5 3.88716 N 15.2 
68.6 110 1.8 36 2.5 9 10.3165 N 19.1 10.29 68.6 125 1.8 35 2.5 8.75 10.3165 N 19.1 
68.6 100 1.9 32 3 8 9.07597 N 18.3 8.745 68.6 110 1.9 30 3 7.5 9.07597 N 18.3 
68.6 95 1.9 28 4 7 6.80939 N 16.8 7.202 68.6 105 2 25 4.5 6.25 6.37274 N 16.8 
68.6 90 1.9 26 4.5 6.5 6.0541 N 16.1 6.43 68.6 100 2.1 22 5 5.5 6.02369 N 16.1 
68.6 85 2 24 5 6 5.73685 N 15.1 5.658 68.6 100 2.2 19 6 4.75 5.26172 N 15.1 
68.6 80 2 22 5.5 5.5 5.21671 N 14.1 4.886 68.6 100 2.4 15 7 3.75 4.9233 N 14.1 
APPENDIX 7 
RESULTS OF THE GROUP 3 MODEL TESTS 
200 
No Wind Beam= 4.65 em B= 0 degrees 1000*Res 
Mass Meter Res' N Depth Lw Trim Lamda amda.l Leg :Iisp*leg R.egr I d F(R) R %R ,(vs Lan CF CT R.n 
323.41 160 0.7197 2.8 35 3 7.6087 11.631 20 4.4505 4.2502 0.3008 0.3013 7.0886 7.3211 0.001215 0.0072194 1.08E+06 
323.41 155 0.6972 2.8 33 3 7.1739 11.631 19 4.5383 4.2502 0.5524 0.384 9.0344 8.7062 0.001208 0.0074177 1.02E+06 
323.41 150 0.6747 2.9 32 4 6.9565 9.0376 18 4.6359 4.5504 0.3936 0.4305 9.4598 9.4848 0.001203 0.0074027 9.88E+05 
323.41 145 0.6522 2.9 28 4.5 6.087 8.0352 16.5 4.8888 4.6665 0.5511 0.5203 11.151 10.99 0.001186 0.0081782 8.64E+05 
323.41 140 0.6297 2.9 26 5 5.6522 7.2334 15.4 5.0573 4.7593 0.5576 0.553 11.62 11.538 0.001176 0.0085036 8.02E+05 
323.41 140 0.6297 3 24 6 5.2174 6.2392 14.5 5.3712 4.8744 0.4948 0.5702 11.698 11.825 0.001166 0.0092123 7.41E+05 
....... 
266.41 140 0.6297 2.3 33 3.5 7.17398.1902 20 4.7273 4.6485 0.5317 0.5081 10.93 10.785 0.001208 0.0066998 1.02E+06 0 N 
266.41 135 0.6072 2.4 32 3.5 6.9565 8.5463 19.5 4.6754 4.6073 -0.087 0.2911 6.3178 7.1503 0.001203 0.0066624 9.88E+05 
266.41 135 0.6072 2.4 31 4.5 6.7391 6.6498 18.9 4.8238 4.8269 0.3533 0.5081 10.526 10.785 0.001199 0.0068774 9.57E+05 
266.41 130 0.5847 2.4 30 4.5 6.5217 6.6498 18.3 4.7974 4.8269 0.5797 0.5825 12.067 12.031 0.001195 0.0068434 9.26E+05 
266.41 130 0.5847 2.4 29 5.5 6.3043 5.4435 17.6 4.9883 4.9665 0.5223 0.6095 12.273 12.484 0.001191 0.0070794 8.95E+05 
266.41 125 0.5622 2.4 27 5.5 5.8696 5.4435 16.9 4.9951 4.9665 0.5909 0.632 12.726 12.861 0.001181 0.0073113 8.33E+05 
266.41 125 0.5622 2.4 26 6 5.6522 4.9914 16.3 5.1789 5.0189 0.5965 0.6511 12.973 13.18 0.001176 0.0075925 8.02E+05 
266.41 120 0.5397 2.5 25 6 5.4348 5.1993 15.8 5.1291 4.9948 0.6432 0.6585 13.185 13.305 0.001171 0.0075804 7.72E+05 
266.41 120 0.5397 2.6 24 7 5.2174 4.6379 15.2 5.3316 5.0598 0.6386 0.6784 13.407 13.637 0.001166 0.0078962 7.41E+05 
243.01 110 0.4948 1.9 34 2 7.3913 11.835 19.1 4.2639 4.2265 0.5764 0.3641 9.087 8.7076 0.001212 0.0051093 1.05E+06 
243.01 100 0.4498 1.9 32 2 6.9565 11.635 16.3 4.0457 4.2265 0.6521 0.409 9.6761 9.1246 0.001203 0.0049351 9.86E+05 
243.01 95 0.4273 1.9 27 2.5 5.8696 9.4693 16.8 4.1866 4.5004 0.6172 0.4875 10.633 10.441 0.001161 0.0055566 6.33E+05 
243.01 90 0.4046 1.9 26 3 5.6522 7.6921 16.1 4.1367 4.663 0.4346 0.4875 10.411 10.441 0.001176 0.0054666 6.02E+05 
243.01 85 0.3823 1.9 24 3.5 5.2174 6.7656 15.1 4.1676 4.6134 0.6273 0.5937 12.334 12.219 0.001166 0.0055932 7.41 E+05 
243.01 80 0.3598 2 22 4 4.7826 6.2329 14.1 4.2006 4.8751 0.7766 0.6631 13.602 13.362 0.001155 0.0057427 6.79E+05 
With Wind o degrees R 
Mass Meter Res N Depth Lw Trim Lamdamda.l LcS )is~*lotgression CF CT Rn 
323.41 170 0.7646 2.8 34 3 7.3913 11.631 20 4.7286 4.5509 5.1198 0.0012115 0.0078962 1.05E+06 
323.41 165 0.7422 2.8 31 3.5 6.7391 9.9707 19 4.8311 4.8026 5.4029 0.0011993 0.0084057 9.57E +05 
323.41 160 0.7197 2.9 27 4 5.8696 9.0376 18 4.945 4.944 5.562 0.0011813 0.0093585 8.33E+05 
323.41 155 0.6972 2.9 25 5 5.4348 7.2334 16.5 5.2259 5.2175 5.8697 0.0011714 0.0097913 7.72E+05 
323.41 155 0.6972 2.9 23 5.5 5 6.5776 15.4 5.5992 5.3169 5.9816 0.0011609 0.0106427 7.10E+05 
323.41 95 0.4273 2 19 4 4.1304 6.2329 15.1 3.4999 5.3692 6.0403 0.0011373 0.0078962 5.86E+05 
N 
266.41 150 0.6747 2.4 29 4 6.3043 7.4794 19.5 5.1949 5.1802 5.8277 0.0011905 0.0081685 8.95E+05 0 N 
266.41 125 0.5622 1.9 30 2 6.5217 11.835 19.1 4.4197 4.5199 5.0849 0.001195 0.0065802 9.26E+05 
266.41 150 0.6747 2.4 28 4 6.087 7.4794 18.9 5.3598 5.1802 5.8277 0.001186 0.0084602 8.64E+05 
266.41 145 0.6522 2.4 26 5 5.6522 5.9863 18.3 5.351 5.4066 6.0824 0.0011764 0.0088073 8.02E+OS 
266.41 145 0.6522 2.4 25 5.5 5.4348 5.4435 17.6 5.5638 5.4889 6.175 0.0011714 0.0091596 7.72E+05 
266.41 140 0.6297 2.4 23.5 6 5.1087 4.9914 16.9 5.5945 5.5574 6.2521 0.0011636 0.0094083 7.25E+05 
266.41 140 0.6297 2.4 22 6.5 4.7826 4.6089 16.3 5.8004 5.6154 6.3173 0.0011554 0.0100497 6.79E+05 
266.41 135 0.6072 2.5 19 7 4.1304 4.4595 15.8 5.7702 5.638 6.3428 0.0011373 0.0112209 S.86E+05 
266.41 135 0.6072 2.6 14 8 3.0435 4.0612 15.2 5.998 5.6984 6.4107 0.0011011 0.0152284 4.32E+05 
243.01 150 0.6747 2.4 31 3 6.7391 9.969 20 5.5527 4.8028 5.4032 0.0011993 0.0076415 9.57E+05 
243.01 110 0.4948 1.9 28 2.5 6.087 9.4693 18.3 4.4503 4.8786 5.4884 0.001186 0.0062042 8.64E+05 
243.01 105 0.4723 1.9 23 3 5 7.8921 16.8 4.6273 5.1177 5.7574 0.0011609 0.0072096 7.10E+05 
243.01 100 0.4498 1.9 20 3 4.3478 7.8921 16.1 4.5985 5.1177 5.7574 0.0011436 0.0078962 6.17E+05 
243.01 150 0.6747 3 20 6.5 4.3478 5.7611 14.5 7.6589 5.4407 6.1208 0.0011436 0.0118443 6.17E+05 
243.01 90 0.4048 2.1 14 6 3.0435 4.3674 14.1 4.7257 5.652 6.3585 0.0011011 0.0101523 4.32E+05 
No wind 8eam= 4.65 em 1000*R/ 8= 10 degrees 
Mass Meter Res' N Depth Lw Trim Lamda_amda.l Leg )isp*le~egressillelta F(F R %R .(vs Lan CF CT Rn 
293.41 175 0.7871 2.8 34 4.5 7.3118 7.6747 16.5 6.5035 7.529 0.7688 0.7992 10.616 10.617 0.001212 0.0081285 1.05E+06 
293.41 170 0.7646 3 32 5 6.8817 7.4024 15.9 6.5561 7.5468 0.7218 0.782 10.362 10.4 0.001203 0.0083897 9.88E+05 
293.41 160 0.7197 2.9 30 5 6.4516 7.1556 15.1 6.4974 7.563 0.7057 0.782 10.34 10.4 0.001195 0.0084226 9.26E+05 
293.41 150 0.6747 3.1 26 6 5.5914 6.3778 14 6.5699 7.614 0.7757 0.8535 11.209 11.3 0.001176 0.009111 8.02E+05 
293.41 140 0.6297 3.1 23 6 4.9462 6.3778 13.1 6.5532 7.614 0.7757 0.8535 11.209 11.3 0.001161 0.0096128 7.10E+05 
236.41 170 0.7646 2.4 40 3 8.6022 9.8618 17.5 7.3929 7.3856 1.0288 0.8681 11.754 11.484 0.001234 0.0067118 1.23E+06 
236.41 170 0.7646 2.5 40 3 8.6022 10.273 17.2 7.5218 7.3587 1.1768 0.9396 12.768 12.384 0.001234 0.0067118 1.23E+06 
236.41 165 0.7422 2.5 38 3 8.172 10.273 16.8 7.4744 7.3587 0.8011 0.7178 9.7542 9.5912 0.001227 0.0068572 1.17E+06 M 0 
236.41 155 0.6972 2.6 37 3.5 7.957 9.1589 16.4 7.1927 7.4317 0.7645 0.7393 9.9477 9.8619 0.001223 0.0066158 1.14E+06 N 
236.41 170 0.7646 2.7 32 4 6.8817 8.3239 15.9 8.1368 7.4864 0.6734 0.7178 9.5878 9.5912 0.001203 0.0083897 9.88E+05 
236.41 165 0.7422 2.6 30 4 6.4516 8.0156 15.4 8.15397.50660.84950.833711.106 11.05 0.001195 0.0086858 9.26E+05 
236.41 160 0.7197 2.7 29 4 6.2366 8.3239 15 8.1177 7.4864 0.8988 0.8509 11.365 11.267 0.001191 0.0087131 8.95E+05 
236.41 160 0.7197 2.7 26 6 5.5914 5.5549 15 8.1177 7.6679 0.9123 0.966 12.598 12.717 0.001176 0.0097184 8.02E+05 
236.41 150 0.6747 2.7 25 5 5.3763 6.6621 14 8.1539 7.5954 0.9849 0.966 12.718 12.717 0.001171 0.0094755 7.72E+05 
236.41 145 0.6522 2.8 22 8 4.7312 4.3266 14 7.8821 7.7485 0.811 0.9537 12.308 12.562 0.001155 0.0104087 6.79E+05 
236.41 145 0.6522 2.7 24 5.5 5.1613 6.0581 13.5 8.174 7.635 1.0985 1.0564 13.837 13.855 0.001166 0.0095413 7.41E+05 
236.41 150 0.6747 2.7 23 7 4.9462 4.7645 13.2 8.6481 7.7198 1.1485 1.136 14.715 14.857 0.001161 0.0102994 7.10E+05 
213.21 160 0.7197 2.2 40 2 8.6022 13.557 17.7 7.6279 7.1434 0.7184 0.5419 7.5856 7.3762 0.001234 0.006317 1.23E+06 
213.21 145 0.6522 2.3 35 2.5 7.5269 11.34 16.4 7.4608 7.2888 0.5148 0.5075 6.9626 6.9433 0.001215 0.0065426 1.08E+06 
213.21 135 0.6072 2.4 34 2 7.3118 14.789 16 7.1199 7.0627 0.4497 0.3356 4.7516 4.7787 0.001212 0.0062705 1.05E+06 
213.21 125 0.5622 2.5 30 2.5 6.4516 12.326 15.4 6.8494 7.2241 0.2883 0.3356 4.6454 4.7787 0.001195 0.0065802 9.26E+05 
213.21 125 0.5622 2.5 29 3 6.2366 10.273 15 7.032 7.3587 0.4253 0.4959 6.7392 6.7976 0.001191 0.0068071 8.95E+05 
213.21 130 0.5847 2.5 27 4 5.8065 7.7073 14.4 7.618 7.5269 0.4027 0.5819 7.7307 7.88 0.001181 0.0076038 8.33E+05 
213.21 130 0.5847 2.5 24.5 5 5.2688 6.1687 13.5 8.1259 7.6277 0.7867 0.8681 11.381 11.484 0.001169 0.0083797 7.56E+05 
With wind 10 degrees 1000*R/ 
Mass Meter Res' N Depth Lw Trim Lamda amda.l Leg )isp*lqegressil CF CT Cf%CT Rn 
293.41 175 0.7871 2.9 30 5 6.4516 7.1556 16.5 6.5035 8.2978 0.0012 0.0092123 12.971614 9.26E+05 
293.41 180 0.8096 3 27 5 5.8065 7.4024 15.9 6.9417 8.2687 0.0012 0.0105283 11.220177 8.33E+05 
293.41 175 0.7871 3 25 5 5.3763 7.4024 15.1 7.1065 8.2687 0.0012 0.0110547 10.596795 7.72E+05 
293.41 165 0.7422 3.1 21 6 4.5161 6.3778 14 7.2269 8.3897 0.0011 0.0124083 9.2646033 6.48E+05 
293.41 155 0.6972 3.1 16 6 3.4409 6.3778 13.1 7.2553 8.3897 0.0011 0.0152989 7.2991414 4.94E+05 
236.41 205 0.9221 2.5 40 5 8.6022 6.1687 17.5 8.9149 8.4144 0.0012 0.0080936 15.241378 1.23E+06 
236.41 205 0.9221 2.5 40 6 8.6022 5.1434 17.2 9.0704 8.5355 0.0012 0.0080936 15.241378 1.23E+06 
236.41 165 0.7422 2.7 35 4 7.5269 8.3239 16.8 7.4744 8.1598 0.0012 0.007445 16.325484 1.08E+06 -.:t 0 
236.41 185 0.8321 2.6 34 4 7.311 8 8.0156 16.4 8.5848 8.1962 0.0012 0.0085929 14.099323 1.05E+06 N 
236.41 170 0.7646 2.7 30 4 6.4516 8.3239 15.9 8.1368 8.1598 0.0012 0.0089491 13.353132 9.26E+05 
236.41 170 0.7646 2.7 28 5 6.0215 6.6621 15.4 8.401 8.3561 0.0012 0.0095883 12.369183 8.64E+05 
236.41 160 0.7197 2.6 27 5 5.8065 6.4154 15 8.1177 8.3853 0.0012 0.0093585 12.6227 8.33E+05 
236.41 165 0.7422 2.7 22 7 4.7312 4.7645 14.4 8.7201 8.5803 0.0012 0.0118443 9.7545116 6.79E+05 
236.41 165 0.7422 2.7 21 7 4.5161 4.7645 14 8.9693 8.5803 0.0011 0.0124083 9.2646033 6.48E+05 
236.41 160 0.7197 2.8 20 7 4.3011 4.9409 13.5 9.0196 8.5594 0.0011 0.012634 9.0516106 6.17E+05 
236.41 165 0.7422 2.8 17 10 3.6559 3.4676 13.2 9.5129 8.7335 0.0011 0.015328 7.3323548 5.25E+05 
236.41 165 0.7422 2.8 15 15 3.2258 2.3265 13 9.6592 8.8683 0.0011 0.0173717 6.3844754 4.63E+05 
213.21 190 0.8546 2.2 40 2.5 8.6022 10.846 17.7 9.0582 7.8618 0.0012 0.0075014 16.444645 1.23E+06 
213.21 160 0.7197 2.3 36 2.5 7.7419 11.34 16.4 8.2326 7.8036 0.0012 0.0070189 17.370741 1.11 E+06 
213.21 145 0.6522 2.8 30 2.5 6.4516 13.805 16 7.6473 7.5124 0.0012 0.007633 15.655397 9.26E+05 
213.21 140 0.6297 2.8 27 2.5 5.8065 13.805 15.4 7.6713 7.5124 0.0012 0.0081887 14.425942 8.33E+05 
213.21 145 0.6522 2.8 26 3 5.5914 11.505 15 8.1571 7.784 0.0012 0.0088073 13.357616 8.02E+05 
213.21 140 0.6297 2.5 23 3 4.9462 10.273 14.4 8.204 7.9296 0.0012 0.0096128 12.076756 7.10E+05 
213.21 150 0.6747 2.5 17 5 3.6559 6.1687 13.5 9.376 8.4144 0.0011 0.0139345 8.0655903 5.25E+05 
No Wind Beam= 4.65 em Model Mass = 121.5 g R Hull = 20 degrees 
Mass Meter Res N Depth Lw Trim Lamda _amda.l Leg )sip*le~egressidelta F(F R %R \ (vs Ian CF CT Rn 
295.53 210 0.9446 3.3 28.5 7 6.129 5.8233 14 9.1318 9.6372 0.9598 1.0943 11.355 11.307 0.001188 0.0116365 8.80E+05 
270.53 180 0.8096 2.3 40 6 8.6022 4.7319 17.5 6.8405 9.5713 1.0443 1.1332 11.84 11.715 0.001234 0.0071066 1.23E+06 
270.53 190 0.8546 2.5 29 4 6.2366 7.7073 15 8.4239 9.7508 0.8051 1.0082 10.34 10.404 0.001191 0.0103468 8.95E+05 
270.53 180 0.8096 2.8 35 10 7.5269 3.4676 15 7.98069.49511.12051.133211.93511.7150.001215 0.0081218 1.08E+06 
270.53 190 0.8546 3.2 31 5 6.6667 7.8959 14.6 8.6547 9.7622 0.9218 1.2765 13.076 13.217 0.001199 0.0096792 9.57E+05 
270.53 180 0.8096 3 30 5 6.4516 7.4024 14.2 8.4302 9.7324 0.5932 0.5258 5.403 5.3465 0.001195 0.0094755 9.2SE+05 
270.53 180 0.8096 3.1 29 5 6.2366 7.6491 14 8.5506 9.7473 0.8621 1.1203 11.493 11.579 0.001191 0.0098022 8.95E+05 
270.53 160 0.7197 2.9 30 10 6.4516 3.5915 13.7 7.767 9.5025 0.9527 0.7973 8.3906 8.1928 0.001195 0.0084226 9.26E+05 lr'l 0 
270.53 190 0.8546 3.2 28 5 6.0215 7.8959 13.5 9.3599 9.7622 0.923 1.279 13.102 13.243 0.001186 0.0107163 8.64E+05 N 
270.53 175 0.7871 3.1 26.5 7.5 5.6989 5.1075 13.3 8.7506 9.594 0.9908 1.0687 11.139 11.038 0.001179 0.010429 8.18E+05 
270.53 190 0.8546 3.4 25 6 5.3763 6.995 13 9.7199 9.7078 0.9344 1.1889 12.247 12.298 0.001171 0.0120023 7.72E+05 
270.53 160 0.7197 3.4 25 6 5.3763 6.995 13 8.1852 9.7078 0.9092 1.1362 11.704 11.745 0.001171 0.0101072 7.72E+05 
270.53 190 0.8546 3.2 24.5 8 5.2688 4.9447 12.6 10.028 9.5842 1.1636 1.41 14.712 14.617 0.001169 0.0122472 7.56E+05 
270.53 160 0.7197 3.1 25 25 5.3763 1.5775 12.5 8.5126 9.3811 1.3598 1.3957 14.877 14.466 0.001171 0.0101072 7.72E+05 
256.53 160 0.7197 2.7 25 20 5.3763 1.6977 12.5 8.9772 9.3883 1.2683 1.2192 12.986 12.616 0.001171 0.0101072 7.72E+05 
239.13 170 0.7646 2.6 29 8 6.2366 4.0176 13.7 9.336 9.5282 1.0048 0.9602 10.077 9.9001 0.001191 0.0092576 8.9SE+05 
238.53 160 0.7197 2.9 32.5 5 6.9892 7.1556 14.6 8.2659 9.7175 0.8817 1.0989 11.309 11.355 0.001206 0.0077747 1.00E+06 
238.53 165 0.7422 2.6 29 5 6.2366 6.4154 14 8.8896 9.6729 0.9776 1.2063 12.471 12.48 0.001191 0.0089854 8.9SE+OS 
238.53 20S 0.9221 3 27.5 7.5 5.914 4.9428 13.3 11.626 9.584 1.01821.105211.53211.421 0.001184 0.0117725 8.49E+05 
213.53 190 0.8546 2.3 40 4 8.6022 7.0907 17.5 9.148 9.7136 0.9515 1.237 12.734 12.802 0.001234 0.0075014 1.23E+06 
213.53 180 0.8096 2.4 35.5 6 7.6344 4.9377 15 10.111 9.5837 0.9926 1.0508 10.965 10.851 0.001217 0.0080074 1.10E+06 
213.53 165 0.7422 2.6 29.5 5 6.3441 6.4154 15 9.2683 9.6729 0.8774 0.9964 10.301 10.28 0.001193 0.0088331 9.10E+05 
213.53 170 0.7646 2.9 32 5 6.8817 7.1556 14.6 9.8108 9.7175 0.8328 0.9964 10.254 10.28 0.001203 0.0083897 9.88E+05 
213.53 165 0.7422 2.8 31 5 6.6667 6.9089 14.2 9.7905 9.7026 0.8966 1.0989 11.326 11.355 0.001199 0.0084057 9.57E+05 
213.53 170 0.7646 2.7 30.5 5 6.5591 6.6621 14 10.231 9.6878 0.9929 1.2697 13.106 13.145 0.001197 0.0088023 9.41 E+05 
With Wind 20 degrees Res 
Mass Meter Res' N Depth Lw Trim Lamda amda.l Leg R*leg egressil CF CT Cf%CT Rn 
295.53 200 0.8996 3.3 25 7 5.3763 5.8233 14 8.697 10.597 0.0012 0.012634 9.272196 7.72E+05 
270.53 240 1.0795 3 37 7 7.957 5.2939 17.5 9.1207 10.616 0.0012 0.01 02437 11.938372 1.14E+06 
270.53 190 0.8546 3.4 17 6 3.6559 6.9951 15 8.4239 10.556 0.0011 0.0176504 6.3675713 5.25E+05 
270.53 215 0.967 3 26 7 5.5914 5.2939 15 9.5324 10.616 0.0012 0.0130591 9.0086245 8.02E+05 
270.53 160 0.7197 2.7 27 10 5.8065 3.3438 15 7.0938 10.684 0.0012 0.0093585 12.6227 8.33E+05 
270.53 175 0.7871 3.3 27 3 5.8065 13.56 14.6 7.9715 10.326 0.0012 0.0102358 11.540754 8.33E+05 
270.53 200 0.8996 3.1 26 7 5.5914 5.4703 14.2 9.3669 10.609 0.0012 0.012148 9.6842713 8.02E+05 
270.53 200 0.8996 3.2 25 4 5.3763 9.8653 14 9.5007 10.455 0.0012 0.012634 9.272196 7.72E+05 \0 0 
270.53 180 0.8096 3.2 25 12 5.3763 3.3099 13.7 8.7379 10.685 0.0012 0.0113706 10.30244 7.72E+05 N 
270.53 175 0.7871 3 23 6 4.9462 6.1721 13.5 8.621 10.585 0.0012 0.012016 9.6614049 7.10E+05 
270.53 225 1.012 3.3 20 9 4.3011 4.5366 13.3 11.251 10.642 0.0011 0.0177665 6.4367009 6.17E+05 
270.53 200 0.8996 3.4 17 8 3.6559 5.2538 13 10.232 10.617 0.0011 0.0185793 6.0491927 5.25E+05 
270.53 180 0.8096 3 18 25 3.871 1.5266 12.5 9.576710.7480.0011 0.01579247.1601473 5.56E+05 
256.53 180 0.8096 3 22.5 22 4.8387 1.7222 12.5 10.09910.741 0.0012 0.012634 9.1670502 6.94E+05 
239.13 180 0.8096 3 23 9 4.9462 4.1242 13.7 9.8852 10.657 0.0012 0.0123593 9.3930325 7.10E+05 
238.53 190 0.8546 3.1 28 5 6.0215 7.6491 14.6 9.8158 10.533 0.0012 0.0107163 11.067163 8.64E+05 
238.53 180 0.8096 2.8 25.5 6 5.4839 5.7606 14 9.6977 10.599 0.0012 0.0111476 10.531115 7.87E+05 
238.53 225 1.012 3.3 22 9.5 4.7312 4.2998 13.3 12.76 10.65 0.0012 0.0161514 7.1533085 6.79E+05 
213.53 225 1.012 2.3 40 5 8.6022 5.6752 17.5 10.833 10.602 0.0012 0.0088832 13.886589 1.23E+06 
213.53 200 0.8996 2.2 30 7 6.4516 3.8822 15 11.234 10.665 0.0012 0.0105283 11.350163 9.26E+05 
213.53 190 0.8546 2.6 26 5 5.5914 6.4154 15 10.673 10.576 0.0012 0.0115406 10.19397 8.02E+05 
213.53 200 0.8996 2.9 30 5 6.4516 7.1556 14.6 11.542 10.55 0.0012 0.0105283 11.350163 9.26E+05 
213.53 190 0.8546 2.9 30 5 6.4516 7.1556 14.2 11.274 10.55 0.0012 0.0100019 11.94754 9.26E+05 
213.53 180 0.8096 2.8 27 6 5.8065 5.7606 14 10.833 10.599 0.0012 0.0105283 11.220177 8.33E+05 
213.53 170 0.7646 2.5 25 9 5.3763 3.4368 13.7 10.455 10.681 0.0012 0.0107389 10.908466 7.72E+05 
No Wind 8eam= 4.65 em Model Mass = 121.5 g R Hull = 20 degrees 
Mass Meter Res N Depth Lw Trim Lamda _amda.l Leg )sip*lqegressiI1elta F(F R %R \(vs Ian CF CT Rn 
213.53 160 0.7197 2.4 30 8 6.4516 3.7085 13.7 9.8403 9.5096 1.0896 1.0989 11.556 11.355 0.001195 0.0084226 9.26E+05 
213.53 160 0.7197 2.8 27.5 5 5.914 6.9089 13.6 9.9127 9.7026 0.875 1.0536 10.859 10.879 0.001184 0.0091883 8.49E+05 
213.53 175 0.7871 3.1 27 5 5.8065 7.6491 13.5 10.922 9.7473 0.8117 1.0146 10.409 10.47 0.001181 0.0102358, 8.33E+05 
213.53 150 0.6747 2.6 29 5 6.2366 6.4154 13.5 9.362 9.6729 0.9191 1.0838 11.205 11.196 0.001191 0.0081685 8.95E+05 
213.53 160 0.7197 2.9 27 5 5.8065 7.1556 13.3 10.1369.71750.90431.146211.795 11.85 0.001181 0.0093585 8.33E+05 
213.53 165 0.7422 2.9 26 5 5.5914 7.1556 13.2 10.532 9.7175 0.9158 1.1702 12.043 12.103 0.001176 0.0100221 8.02E+05 
213.53 150 0.6747 2.9 26 5 5.5914 7.1556 13 9.722 9.7175 0.9158 1.1702 12.043 12.103 0.001176 0.009111 8.02E+05 
213.53 150 0.6747 2.9 26 5 5.5914 7.1556 13 9.722 9.71750.92121.181612.15912.2220.001176 0.009111 8.02E+05 t-o 
213.53 165 0.7422 3 25 5 5.3763 7.4024 12.9 10.777 9.7324 0.9141 1.1981 12.31 12.394 0.001171 0.010423 7.72E+05 N 
213.53 160 0.7197 2.5 25 15 5.3763 2.0773 12.5 10.785 9.4112 1.2454 1.2192 12.954 12.616 0.001171 0.0101072 7.72E+05 
213.53 165 0.7422 3 22.5 5 4.8387 7.4024 12.1 11.49 9.7324 0.5847 0.5079 5.2183 5.158 0.001158 0.0115811 6.94E+05 
206.73 170 0.7646 2.9 32.5 4 6.9892 8.9405 14.6 10.134 9.8252 0.7424 1.0327 10.511 10.66 0.001206 0.0082607 1.00E+06 
206.73 150 0.6747 3.1 29.5 3 6.3441 12.738 14 9.3246 10.054 0.4963 0.9964 9.9107 10.28 0.001193 0.0080301 9.10E+05 
206.73 170 0.7646 2.9 28.5 5 6.129 7.1556 13.5 10.959 9.7175 0.8501 1.0327 10.627 10.66 0.001188 0.0094201 8.80E+05 
206.73 165 0.7422 2.6 27.5 5 5.914 6.4154 13.3 10.797 9.6729 0.886 1.0146 10.489 10.47 0.001184 0.0094755 8.49E+05 
201.43 155 0.6972 2.5 30.5 4 6.5591 7.7073 15 9.2296 9.7508 0.8168 1.0327 10.591 10.66 0.001197 0.0080257 9.41E+05 
201.43 155 0.6972 2.6 32 5 6.8817 6.4154 14.2 9.7496 9.6729 0.7681 0.7674 7.9333 7.8789 0.001203 0.0076495 9.88E+05 
201.43 155 0.6972 2.5 30 4 6.4516 7.7073 14 9.8889 9.7508 0.8484 1.0989 11.27 11.355 0.001195 0.0081594 9.26E+05 
201.43 165 0.7422 2.7 28 5 6.0215 6.6621 13.5 10.917 9.6878 0.8538 0.9783 10.098 10.09 0.001186 0.0093063 8.64E+05 
201.43 140 0.6297 3.2 29.5 4 6.3441 9.8653 13.5 9.2627 9.881 0.6953 1.0508 10.635 10.851 0.001193 0.0074947 9.1 OE +05 
201.43 155 0.6972 2.5 27 4 5.8065 7.7073 13.3 10.409 9.7508 0.549 0.4716 4.8369 4.7782 0.001181 0.009066 8.33E+05 
201.43 155 0.6972 2.9 27 4 5.8065 8.9405 13 10.65 9.8252 0.7311 1.0089 10.269 10.411 0.001181 0.009066 8.33E+05 
196.73 180 0.8096 1.6 40 4 8.6022 4.9327 17.5 9.4066 9.5834 1.0817 1.237 12.907 12.802 0.001234 0.0071066 1.23E+06 
196.73 190 0.8546 2 35.5 5 7.6344 4.9349 15 11.584 9.5836 0.7853 0.6165 6.4333 6.2975 0.001217 0.0084523 1.10E+06 
196.73 160 0.7197 2.9 32 3 6.8817 11.916 15 9.755 10.005 0.5368 0.9785 9.7805 10.093 0.001203 0.0078962 9.88E+05 
With Wind 20 degrees Res 
Mass Meter Res' N Depth Lw Trim Lamdaamda.l Lcg R*lcg egressit CF CT Cf%CT Rn 
213.53 170 0.7646 2.8 24 6 5.16135.7606 13.6 10.532 10.599 0.0012 0.0111863 10.425875 7.41E+05 
213.53 160 0.7197 3.1 22.5 6 4.8387 6.3778 13.5 9.9861 10.578 0.0012 0.0112302 10.312931 6.94E+05 
213.53 170 0.7646 2.8 22 5 4.7312 6.9089 13.5 10.61 10.559 0.0012 0.0122033 9.4676142 6.79E+05 
213.53 165 0.7422 2.9 20 6 4.3011 5.9664 13.3 10.453 10.592 0.0011 0.0130288 8.7773194 6.17E+05 
213.53 155 0.6972 2.9 22 7 4.7312 5.1174 13.2 9.8939 10.622 0.0012 0.0111265 10.383835 6.79E+05 
213.53 180 0.8096 3.1 15 8 3.2258 4.7902 13 11.666 10.633 0.0011 0.0189509 5.8524357 4.63E+05 
213.53 180 0.8096 3.1 15 8 3.2258 4.7902 13 11.666 10.633 0.0011 0.0189509 5.8524357 4.63E+05 
213.53 160 0.7197 3 20 8 4.3011 4.6357 12.9 10.451 10.639 0.0011 0.012634 9.0516106 6.17E +05 00 0 
213.53 150 0.6747 2.5 17.5 7 3.7634 4.4116 12.5 10.111 10.647 0.0011 0.0135364 8.3284637 5.40E+05 C'l 
213.53 180 0.8096 3 18 9 3.871 4.1242 12.1 12.534 10.657 0.0011 0.0157924 7.1601473 5.56E+05 
206.73 170 0.7646 2.8 30 2.5 6.4516 13.805 14.6 10.134 10.317 0.0012 0.0089491 13.353132 9.26E+05 
206.73 185 0.8321 2.7 26 5 5.5914 6.6621 14 11.5 10.568 0.0012 0.0112369 10.469482 8.02E+05 
206.73 175 0.7871 2.9 24 5 5.1613 7.1556 13.5 11.282 10.55 0.0012 0.0115153 10.127993 7.41E+05 
206.73 175 0.7871 2.7 22.5 5 4.8387 6.6621 13.3 11.451 10.568 0.0012 0.012283 9.4289659 6.94E+05 
201.43 185 0.8321 2.8 27 5 5.8065 6.9089 15 11.016 10.559 0.0012 0.0108207 10.916929 8.33E+05 
201.43 180 0.8096 2.7 27 5 5.8065 6.6621 14.2 11.322 10.568 0.0012 0.0105283 11.220177 8.33E+05 
201.43 180 0.8096 2.5 29 3 6.2366 10.273 14 11.484 10.441 0.0012 0.0098022 12.145729 8.95E+05 
201.43 190 0.8546 2.8 23 6 4.9462 5.7606 13.5 12.571 10.599 0.0012 0.0130459 8.8986624 7.10E+05 
201.43 160 0.7197 3 25 5 5.3763 7.4024 13.5 10.586 10.542 0.0012 0.0101072 11.590245 7.72E+05 
201.43 170 0.7646 2.6 22 5 4.7312 6.4154 13.3 11.417 10.576 0.0012 0.0122033 9.4676142 6.79E+05 
201.43 140 0.6297 2.9 21 2.5 4.5161 14.298 13 9.619 10.3 0.0011 0.0105283 10.918997 6.48E+05 
196.73 210 0.9446 1.7 40 3 8.6022 6.9855 17.5 10.974 10.556 0.0012 0.008291 14.878488 1.23E+06 
196.73 190 0.8546 2.2 27.5 7 5.914 3.8822 15 11.584 10.665 0.0012 0.0109111 10.848175 8.49E+05 
196.73 180 0.8096 2.5 26 2.5 5.5914 12.326 15 10.974 10.369 0.0012 0.0109332 10.760301 8.02E+05 
196.73 175 0.7871 2.4 30.5 4 6.5591 7.399 14.2 11.271 10.542 0.0012 0.0090612 13.21174 9.41E+05 
No Wind Beam= 4.65 em Model Mass = 121.5 9 R Hull = 20 degrees 
Mass Meter Res N Depth Lw Trim Lamda _amda.l Leg )sip*le~egressi"elta F(F R %R t (vs Ian CF CT Rn 
196.73 150 0.6747 2.8 32 3 6.8817 11.505 14.2 9.6605 9.9799 0.605 1.0689 10.711 11.041 0.001203 0.0074027 9.88E+05 
196.73 140 0.6297 2.4 30 4 6.4516 7.399 14 9.1453 9.7322 0.8204 1.0012 10.287 10.33 0.001195 0.0073698 9.26E+05 
196.73 130 0.5847 2.6 30 3 6.4516 10.684 13.7 8.678 9.9303 0.6286 1.0146 10.217 10.47 0.001195 0.0068434 9.26E+05 
196.73 130 0.5847 2.5 29 5 6.2366 6.1687 13.5 8.8066 9.658 0.9773 1.1745 12.161 12.147 0.001191 0.0070794 8.95E+05 
172.53 160 0.7197 1.7 35.5 4 7.6344 5.241 15 11.123 9.602 0.8102 0.7072 7.3652 7.248 0.001217 0.0071177 1.10E+06 
164.53 160 0.7197 1.7 40 3 8.6022 6.9855 17.5 9.9978 9.7073 0.849 1.0089 10.393 10.411 0.001234 0.006317 1.23E+06 
0'1 
147.13 200 0.8996 1.7 40 2.5 8.6022 8.3814 17.5 13.975 9.7915 -9.792 0 N 
With Wind 20 degrees Res 
Mass Meter Res' N Depth Lw Trim Lamda amda.l Leg R*lcg egressil CF CT Cf%CT Rn 
196.73 180 0.8096 2.5 26 5 5.5914 6.1687 14 11.758 10.585 0.0012 0.Q1 09332 10.760301 8.02E+05 
196.73 150 0.6747 2.3 25 4 5.3763 7.0907 13.7 10.013 10.553 0.0012 0.0094755 12.362928 7.72E+05 
196.73 155 0.6972 2.8 25 5 5.3763 6.9089 13.5 10.5 10.559 0.0012 0.0097913 11.964124 7.72E +05 
172.53 200 0.8996 2.3 27 6 5.8065 4.7319 15 13.904 10.635 0.0012 0.0116981 10.09816 8.33E+05 
164.53 180 0.8096 1.8 40 2 8.6022 11.092 17.5 11.248 10.412 0.0012 0.0071066 17.358236 1.23E+06 
147.13 180 0.8096 1.7 40 3 8.6022 6.9855 17.5 12.578 10.556 0.0012 0.0071 066 17.358236 1.23E+06 
0 
...... 
N 
No Wind Model mass = 106 g Beam= 4.65 em R B= 30 degrees 
Mass Meter Res N Depth Lw Trim Lamda _amda.1 Leg Jisp*lq Re~' lelta F(F R %R \ (vs larr CF CT Rn 
254.5 230 1.0345 3.3 40 3 8.6957 13.707 17.5 9.2912 11.981 0.6266 0.6664 5.5625 5.5626 0.001234 0.0090807 1.23E+06 
254.5 210 0.9446 3.3 40 3 8.6957 13.707 16.8 8.8367 11.981 0.6266 0.6664 5.5625 5.5626 0.001234 0.008291 1.23E+06 
254.5 250 1.1245 2.7 40 4 8.6957 8.4144 16.5 10.711 11.733 1.117 1.0707 9.1253 9.1071 0.001234 0.0098703 1.23E+06 
254.5 200 0.8996 3.3 38 3.5 8.2609 11 .751 16.1 8.7818 11.889 0.7181 0.6664 5.6054 5.5626 0.001227 0.0083118 1.17E+06 
254.5 185 0.8321 3.3 37 4 8.0435 10.284 15.3 8.5479 11.821 0.9536 0.9442 7.988 7.9984 0.001223 0.0078962 1.14E+06 
254.5 270 1.2144 3 36 5 7.8261 7.4828 15 12.725 11.69 1.1673 1.0818 9.2543 9.2043 0.001219 0.0118443 1.11E+06 
254.5 170 0.7646 3.4 34 5 7.3913 8.4806 14.3 8.4041 11.736 1.1259 1.0906 9.2927 9.2817 0.001212 0.0078962 1.05E+06 
254.5 200 0.8996 2.9 33 5 7.1739 7.2334 14.2 9.9569 11.678 1.2732 1.2387 10.608 10.581 0.001208 0.0095712 1.02E+06 -
-254.5 210 0.9446 3.2 31.5 5 6.8478 7.9817 13.6 10.916 11.713 1.2756 1.3011 11.108 11.127 0.001201 0.0105283 9.72E+05 M 
254.5 165 0.7422 3.5 32 6 6.9565 7.2791 13.5 8.6403 11.68 1.24071.188110.172 10.1370.001203 0.008143 9.88E+05 
254.5 170 0.7646 3.5 24 7.5 5.2174 5.8292 12.7 9.462911.6121.44361.413112.16912.1090.001166 0.0111863 7.41E+05 
254.5 230 1.0345 3.2 27 5 5.8065 7.8959 12.5 13.008 11.709 1.318 1.365 11.658 11.688 0.001181 0.0134528 8.33E+05 
224 220 0.9895 2.9 25 5 5.3763 7.1556 12.5 14.13611.6741.34321.349211.55711.5490.001171 0.0138973 7.72E+05 
197.5 210 0.9446 2.9 40 4 8.6957 9.0376 16.9 11.32 11.762 1.0727 1.0454 8.8877 8.8854 0.001234 0.008291 1.23E+06 
197.5 242 1.0885 2.4 40 3 8.6957 9.969 16.5 13.361 11.806 1.105 1.1718 9.926 9.9941 0.001234 0.0095544 1.23E+06 
197.5 190 0.8546 3 40 4.5 8.6957 8.3123 16.1 10.751 11.726 1.1824 1 .1716 9.9892 9.9917 0.001234 0.0075014 1.23E+06 
197.5 175 0.7871 3 38 5 6.2609 7.4828 15.6 10.219 11.69 1.2432 1.2082 10.336 10.313 0.001227 0.0072728 1.17E+06 
197.5 175 0.7871 3 38 5 8.2609 7.4828 15.1 10.558 11.69 1.2432 1.2082 10.336 10.313 0.001227 0.0072728 1.17E+06 
197.5 165 0.7422 2.5 37 4 8.0435 7.7911 15 10.021 11.704 1.2675 1.2728 10.875 10.879 0.001223 0.0070426 1.14E+06 
197.5 240 1.0795 2.4 37 3 8.0435 9.969 15 14.575 11.806 1.053 1.0853 9.1926 9.235 0.001223 0.0102437 1.14E+06 
197.5 160 0.7197 3 35 5 7.6087 7.4828 14.3 10.193 11.69 1.2432 1.2082 10.336 10.313 0.001215 0.0072194 1.08E+06 
197.5 175 0.7871 2.7 36 4 7.8261 8.4144 14.2 11.227 11.733 1.117 1.0707 9.1253 9.1071 0.001219 0.0076769 1.11E+06 
197.5 160 0.7197 2.5 34 4 7.3913 7.7911 14 10.411 11.704 1.1918 1.1466 9.7963 9.7723 0.001212 0.0074317 1.05E+06 
197.5 160 0.7197 3 32.5 5.5 7.0652 6.8044 13.6 10.717 11.658 1.3034 1.2556 10.771 10.729 0.001206 0.0077747 1.00E+06 
197.5 180 0.8096 2.7 32 5 6.9565 6.7346 13.6 12.057 11.654 1.327 1.2894 11.063 11.025 0.001203 0.0088832 9.88E+05 
With Wind 30 degrees R 
Mass Meter Res' N Depth Lw Trim Lamdaamda.l Leg Disp.le~ Reg' CF CT Cf%CT Rn 
254.5 255 1.147 3.3 40 3 8.6957 13.707 17.5 10.301 12.607 0.0012 0.0100677 12.252872 1.23E+06 
254.5 240 1.0795 3.3 40 3 8.6957 13.707 16.8 10.099 12.607 0.0012 0.0094755 13.018677 1.23E+06 
254.5 260 1.1695 2.8 37.5 4 8.1522 8.726 16.5 11.14 12.85 0.0012 0.0109494 11.185602 1.16E+06 
254.5 220 0.9895 3.3 37 3 8.0435 13.707 16.1 9.66 12.607 0.0012 0.0093901 13.023678 1.14E+06 
254.5 195 0.8771 3.3 36 4 7.8261 10.284 15.3 9.01 12.774 0.0012 0.0085542 14.252916 1.11E+06 
254.5 275 1.2369 3.1 35.5 4.5 7.7174 8.5893 15 12.961 12.857 0.0012 0.0122336 9.9508243 1.10E+06 
254.5 195 0.8771 3.4 29 5 6.3043 8.4806 14.3 9.64 12.862 0.0012 0.0106191 11.211442 8.95E+05 
254.5 225 1.012 3.2 31 6 6.7391 6.6551 14.2 11.201 12.951 0.0012 0.0114623 10.462915 9.57E+05 N ...... 
254.5 235 1.057 3.3 29 7 6.3043 5.8866 13.6 12.215 12.988 0.0012 0.0127973 9.3031113 8.95E+05 N 
254.5 195 0.8771 3.5 26 6 5.6522 7.2791 13.5 10.211 12.921 0.0012 0.0118443 9.9325859 8.02E+05 
254.5 205 0.9221 3.6 20 10 4.3478 4.5069 12.7 11.411 13.056 0.0011 0.0161873 7.0646717 6.17E+05 
254.5 245 1.102 3.3 20 8 4.3011 5.0992 12.5 13.856 13.027 0.0011 0.0193457 5.9112559 6.17E+05 
224 240 1.0795 3 20 7 4.3011 5.2939 12.5 15.421 13.017 0.0011 0.0189509 6.0344071 6.17E+05 
197.5 210 0.9446 2.9 40 4 8.6957 9.0376 16.9 11.32 12.835 0.0012 0.008291 14.878488 1.23E+06 
197.5 245 1.102 2.4 37.5 4 8.1522 7.4794 16.5 13.526 12.911 0.0012 0.0103177 11.870434 1.16E+06 
197.5 195 0.8771 3 40 5 8.6957 7.4828 16.1 11.033 12.911 0.0012 0.0076988 16.022987 1.23E+06 
197.5 185 0.8321 3.1 36 5.5 7.8261 7.0312 15.6 10.803 12.933 0.0012 0.0081156 15.023343 1.11E+06 
197.5 185 0.8321 3.1 35 5.5 7.6087 7.0312 15.1 11.161 12.933 0.0012 0.0083474 14.560567 1.08E+06 
197.5 185 0.8321 2.5 35 5 7.6087 6.2357 15 11.235 12.971 0.0012 0.0083474 14.560567 1.08E+06 
197.5 250 1.1245 2.4 37 3.5 8.0435 8.5463 15 15.183 12.859 0.0012 0.0106706 11.460837 1.14E+06 
197.5 175 0.7871 3.1 34.5 5.5 7.5 7.0312 14.3 11.148 12.933 0.0012 0.0080107 15.148594 1.06E+06 
197.5 190 0.8546 2.8 32 4 6.9565 8.726 14.2 12.189 12.85 0.0012 0.0093768 12.834699 9.88E+05 
197.5 175 0.7871 2.5 28 4 6.087 7.7911 14 11.387 12.896 0.0012 0.0098703 12.015777 8.64E+05 
197.5 175 0.7871 3.1 30 6 6.5217 6.4472 13.6 11.722 12.961 0.0012 0.0092123 12.971614 9.26E+05 
197.5 205 0.9221 2.9 27 6 5.8696 6.0312 13.6 13.731 12.981 0.0012 0.0119906 9.8518631 8.33E+05 
No Wind Model mass = 106 g 8eam= 4.65 em R B= 30 degrees 
Mass Meter Res N Depth Lw Trim Lamda_amda.1 Leg )isp*le~ Reg' lelta F(F R %R \ (vs Ian CF CT Rn 
197.5 160 0.7197 2.8 31 4 6.7391 8.726 13.4 10.877 11.748 1.1873 1.2121 10.317 10.347 0.001199 0.0081509 9.57E+05 
197.5 160 0.7197 3 30 5.5 6.5217 6.8044 13.2 11.042 11.658 1.3034 1.2556 10.771 10.729 0.001195 0.0084226 9.26E+05 
197.5 165 0.7422 2.7 31.5 5 6.8478 6.7346 13.2 11.387 11.654 1.2927 1.2323 10.574 10.524 0.001201 0.0082722 9.72E+05 
197.5 155 0.6972 3 27 5.5 5.8696 6.8044 12.5 11.296 11.658 1.3481 1.3301 11.409 11.381 0.001181 0.009066 8.33E+05 
197.5 205 0.9221 2.7 28 4.5 6.0215 7.4006 12.5 14.94 11.686 1.4207 1.4974 12.814 12.849 0.001186 0.0115623 8.64E+05 
197.5 150 0.6747 3 26 6 5.6522 6.2392 12 11.387 11.631 1.4341 1.4292 12.288 12.251 0.001176 0.009111 8.02E+05 
190.7 240 1.0795 2.3 40 3 8.6957 9.5536 16.5 13.723 11.786 1.0032 0.9698 8.2282 8.2226 0.001234 0.0094755 1.23E+06 
190.7 250 1.1245 2.4 37 3 8.0435 9.969 15 15.724 11.806 1.053 1.0853 9.1926 9.235 0.001223 0.0106706 1.14E+06 M .-
190.7 195 0.8771 2.7 30 4 6.4516 8.3239 12.5 14.718 11.729 1.3057 1.3778 11.748 11.8 0.001195 0.01 02651 9.26E+05 N 
185.4 230 1.0345 2.2 40 3 8.6957 9.1383 16.5 13.527 11.767 1.0428 1.0035 8.5283 8.5182 0.001234 0.0090807 1.23E+06 
185.4 225 1.012 2.2 37 3 8.0435 9.1383 15 14.556 11.767 1.1093 1.1142 9.4686 9.4883 0.001223 0.0096035 1.14E+06 
185.4 165 0.7422 2.5 35 4 7.6087 7.7911 14.2 11.27611.7041.17661.12139.58039.55060.001215 0.007445 1.08E+06 
185.4 170 0.7646 2.7 32 4 6.9565 8.4144 13.6 12.13 11.733 1.2019 1.2121 10.33 10.347 0.001203 0.0083897 9.88E+05 
185.4 155 0.6972 2.6 31.5 4 6.8478 8.1027 13.4 11.225 11.719 1.2287 1.2323 1 0.5J 6 10.524 0.001201 0.0077709 9.72E+05 
185.4 150 0.6747 2.8 29.5 5 6.413 6.984 12.8 11.372 11.666 1.4994 1.5959 13.68 13.713 0.001193 0.0080301 9.10E+05 
180.7 205 0.9221 2.2 40 2 8.6957 13.704 17 12.006 11.981 0.7887 0.9361 7.8135 7.9271 0.001234 0.0080936 1.23E+06 
180.7 225 1.012 2.2 40 3 8.6957 9.1383 16.5 13.577 11.767 1.0428 1.0035 8.5283 8.5182 0.001234 0.0088832 1.23E+06 
180.7 145 0.6522 2.3 38 4 8.2609 7.1678 15 9.6247 11.675 1.3089 1.293 11.075 11.057 0.001227 0.0060261 1.17E+06 
180.7 220 0.9895 2.2 37 3 8.0435 9.1383 15 14.603 11.767 1.0631 1.0372 8.8147 8.8137 0.001223 0.0093901 1.14E+06 
180.7 160 0.7197 2.5 36 3 7.8261 10.384 14.2 11.219 11.825 1.134 1.2525 10.592 10.702 0.001219 0.0070189 1.11E+06 
180.7 140 0.6297 2.3 37 3 8.0435 9.5536 14 9.9566 11.786 1.1245 1.1718 9.9424 9.9941 0.001223 0.0059755 1.14E+06 
180.7 165 0.7422 2.4 32 4 6.9565 7.4794 13.6 12.08 11.689 1.2063 1.1466 9.8086 9.7723 0.001203 0.008143 9.88E+05 
180.7 150 0.6747 2.5 32 4 6.9565 7.7911 13.4 11.145 11.704 1.2554 1.2525 10.702 10.702 0.001203 0.0074027 9.88E+05 
180.7 145 0.6522 2.5 32.5 5 7.0652 6.2357 13.2 10.937 11.631 1.3403 1.2728 10.943 10.879 0.001206 0.0070459 1.00E+06 
174.1 170 0.7646 2.5 40 2 8.6957 15.573 15.8 11.119 12.068 0.4484 0.5151 4.268 4.2354 0.001234 0.0067118 1.23E+06 
With Wind 30 degrees R 
Mass Meter Res' N Depth Lw Trim Lamda amda.l Lcg Disp.lc£ Reg' CF CT Cf%CT Rn 
197.5 185 0.8321 2.8 27 5 5.8696 6.984 13.4 12.577 12.935 0.0012 0.0108207 10.916929 8.33E+05 
197.5 175 0.7871 3.1 26 6 5.6522 6.4472 13.2 12.077 12.961 0.0012 0.0106295 11.067739 8.02E+05 
197.5 185 0.8321 2.7 26 5 5.6522 6.7346 13.2 12.767 12.947 0.0012 0.0112369 10.469482 8.02E+05 
197.5 170 0.7646 3.1 22 7 4.7826 5.5298 12.5 12.389 13.006 0.0012 0.0122033 9.4676142 6.79E+05 
197.5 230 1.0345 2.8 17 10 3.6559 3.4676 12.5 16.762 13.106 0.0011 0.0213662 5.2601676 5.25E+05 
197.5 170 0.7646 3.1 15 9 3.2609 4.308 12 12.905 13.065 0.0011 0.0178981 6.1966967 4.63E+05 
190.7 245 1.102 2.4 40 3 8.6957 9.969 16.5 14.009 12.79 0.0012 0.0096729 12.75299 1.23E+06 
190.7 250 1.1245 2.4 37 3.5 8.0435 8.5463 15 15.724 12.859 0.0012 0.0106706 11.460837 1.14E+06 '<:t 
190.7 220 0.9895 2.8 20 7 4.3011 4.9409 12.5 16.605 13.035 0.0011 0.0173717 6.5829895 6.17E+05 M 
185.4 235 1.057 2.3 40 3 8.6957 9.5536 16.5 13.821 12.81 0.0012 0.0092781 13.29567 1.23E+06 
185.4 225 1.012 2.3 37 3.5 8.0435 8.1902 15 14.556 12.876 0.0012 0.0096035 12.734263 1.14E+06 
185.4 185 0.8321 2.6 34 4 7.3913 8.1027 14.2 12.643 12.881 0.0012 0.0085929 14.099323 1.05E+06 
185.4 195 0.8771 2.8 30 5 6.5217 6.984 13.6 13.914 12.935 0.0012 0.0102651 11.641192 9.26E+05 
185.4 175 0.7871 2.7 27 5 5.8696 6.7346 13.4 12.673 12.947 0.0012 0.0102358 11.540754 8.33E+05 
185.4 170 0.7646 1.8 17 10 3.6957 2.2534 12.8 12.888 13.166 0.0011 0.0157924 7.1166973 5.25E+05 
180.7 230 1.0345 2.5 40 3 8.6957 10.384 17 13.471 12.769 0.0012 0.0090807 13.584706 1.23E+06 
180.7 235 1.057 2.3 40 3 8.6957 9.5536 16.5 14.181 12.81 0.0012 0.0092781 13.29567 1.23E+06 
180.7 170 0.7646 2.4 37.5 5 8.1522 5.9863 15 11.284 12.984 0.0012 0.0071592 17.107391 1.16E+06 
180.7 220 0.9895 2.2 37 3 8.0435 9.1383 15 14.603 12.83 0.0012 0.0093901 13.023678 1.14E+06 
180.7 180 0.8096 2.6 35 5 7.6087 6.4851 14.2 12.621 12.959 0.0012 0.0081218 14.965027 1.08E+06 
180.7 165 0.7422 2.4 27 4 5.8696 7.4794 14 11.735 12.911 0.0012 0.0096509 12.240194 8.33E+05 
180.7 185 0.8321 2.5 30 4 6.5217 7.7911 13.6 13.544 12.896 0.0012 0.0097387 12.270446 9.26E+05 
180.7 170 0.7646 2.6 27 5 5.8696 6.4851 13.4 12.631 12.959 0.0012 0.0099434 11.880188 8.33E+05 
180.7 165 0.7422 2.5 24 5 5.2174 6.2357 13.2 12.44612.9710.00120.010857310.741811 7.41 E+05 
174.1 190 0.8546 2.5 40 2 8.6957 15.573 15.8 12.427 12.517 0.0012 0.0075014 16.444645 1.23E+06 
No Wind Model mass = 106 g 8eam= 4.65 em R 8 .. 30 degrees 
Mass Meter Res N Depth Lw Trim Lamda _amde..l Leg )isp*le~ Reg' lelte. F(F R %R \ (vs Ie.n CF CT Rn 
174.1 155 0.6972 2.5 40 2.5 8.6957 12.46 14.5 11.047 11.922 0.7458 0.7677 6.4392 6.4505 0.001234 0.0061196 1.23E+06 
174.1 145 0.6522 2.6 30 4 6.5217 8.1027 13.3 11.266 11.719 1.2832 1.3231 11.291 11.321 0.001195 0.007633 9.26E+05 
174.1 140 0.6297 2.8 29 4.5 6.3043 7.7581 12.8 11.303 11.702 1.3296 1.3735 11.737 11.762 0.001191 0.0076239 8.95E+05 
174.1 135 0.6072 2.7 28 5 6.087 6.7346 12.6 11.072 11.654 1.4153 1.4366 12.326 12.315 0.001186 0.0076142 8.64E+05 
174.1 130 0.5847 2.9 27 6 5.8696 6.0312 12.2 11.012 11.622 1.4574 1.4518 12.492 12.448 0.001181 0.0076038 8.33E+05 
on 
156.5 190 0.8546 2.2 40 2 8.6957 13.704 17 12.849 11.981 0.6269 0.6667 5.565 5.5651 0.001234 0.0075014 1.23E+06 
-N 
156.5 130 0.5847 2.1 38 3 8.2609 8.7229 15 9.9634 11.748 1.2089 1.2477 10.621 10.659 0.001227 0.0054027 1.17E+06 
156.5 195 0.8771 2.1 37 3 8.0435 8.7229 15 14.945 11.748 1.0825 1.0372 8.8293 8.8137 0.001223 0.008323 1.14E+06 
152 180 0.8096 2.1 40 2 8.6957 13.081 17 12.533 11.951 0.6864 0.7173 6.0015 6.0083 0.001234 0.0071066 1.23E+06 
152 220 0.9895 2.1 40 3 8.6957 8.7229 16.5 15.782 11.748 1.0825 1.0372 8.8293 8.8137 0.001234 0.0086858 1.23E+06 
152 190 0.8546 2.1 37 3 8.0435 8.7229 15 14.993 11.748 1.0825 1.0372 8.8293 8.8137 0.001223 0.0081096 1.14E+06 
148.5 155 0.6972 2 40 2 8.6957 12.458 17 11.047 11.922 0.7763 0.8184 6.8642 6.8948 0.001234 0.0061196 1.23E+06 
148.5 210 0.9446 2 40 3 8.6957 8.3075 16.5 15.42 11.728 1.1222 1.0709 9.1314 9.1093 0.001234 0.008291 1.23E+06 
148.5 120 0.5397 2 38 3 8.2609 8.3075 15 9.6924 11.728 1.1424 1.1046 9.4188 9.4049 0.001227 0.0049871 1.17E+06 
132.2 200 0.8996 1.8 40 2 8.6957 11.212 16.5 16.496 11.864 1.0267 1.1384 9.595 9.7004 0.001234 0.0078962 1.23E+06 
131.1 150 0.6747 1.9 40 2 8.6957 11.835 17 12.109 11.893 0.8054 0.8184 6.881 6.8948 0.001234 0.0059222 1.23E+06 
With Wind 30 degrees R 
Mass Meter Res' N Depth Lw Trim Lamdaamda.1 Lcg Disp.lcc:; Reg' CF CT Cf%CT Rn 
174.1 170 0.7646 2.5 38 2.5 8.2609 12.46 14.5 12.116 12.668 0.0012 0.007065 17.361004 1.17E+06 
174.1 160 0.7197 2.7 25 6 5.4348 5.6153 13.3 12.432 13.002 0.0012 0.0101072 11.590245 7.72E+05 
174.1 150 0.6747 2.8 24 7 5.2174 4.9947 12.8 12.11 13.032 0.0012 0.0098703 11.815992 7.41E+05 
174.1 148 0.6657 2.7 21 8 4.5652 4.2175 12.6 12.138 13.07 0.0011 0.0111299 10.328781 6.48E+05 
174.1 145 0.6522 2.9 14 9 3.0435 4.03 12.2 12.282 13.079 0.0011 0.0163565 6.731608 4.32E+05 
\() 
156.5 215 0.967 2.2 40 2 8.6957 13.704 17 14.539 12.608 0.0012 0.0084884 14.532477 1.23E+06 ...... C'l 
156.5 160 0.7197 2.1 37.5 4 8.1522 6.5445 15 12.263 12.956 0.0012 0.0067381 18.176603 1.16E+06 
156.5 205 0.9221 2.2 37 3 8.0435 9.1383 15 15.711 12.83 0.0012 0.0087499 13.97663 1.14E+06 
152 210 0.9446 2.1 40 2 8.6957 13.081 17 14.622 12.638 0.0012 0.008291 14.878488 1.23E+06 
152 230 1.0345 2.2 40 3 8.6957 9.1383 16.5 16.499 12.83 0.0012 0.0090807 13.584706 1.23E+06 
152 200 0.8996 2.2 37 3 8.0435 9.1383 15 15.782 12.83 0.0012 0.0085365 14.326046 1.14E+06 
148.5 185 0.8321 1.9 40 2 8.6957 11.835 17 13.185 12.699 0.0012 0.007304 16.889094 1.23E+06 
148.5 225 1.012 2.1 40 3 8.6957 8.7229 16.5 16.521 12.85 0.0012 0.0088832 13.886589 1.23E+06 
148.5 160 0.7197 2 38 3 8.2609 8.3075 15 12.923 12.871 0.0012 0.0066494 18.446066 1.17E+06 
132.2 205 0.9221 1.9 40 3 8.6957 7.8921 16.5 16.909 12.891 0.0012 0.0080936 15.241378 1.23E+06 
131.1 170 0.7646 1.9 40 2 8.6957 11.835 17 13. 724 12.699 0.0012 0.0067118 18.379309 1.23E+06 
APPENDIX 8 
EXAMPLE PREDICTIONS FOR SOME VERY HIGH SPEED 
PLANING CRAFT. 
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Hull A Displacement = 82400 Kg 
LCG= 9.37 m 
VCG= 1 m 
beam = 7.3 m 
Deadrise = 18 degrees 
Cf+ dCf= 0.0017 
f= 0.5 m 
Epsilon = 0 degrees 
Velocity Lamda ResistanCE Lk Lc Ttx Tau (eq) CF CT 
Knots N m m m degrees 
40 1.949998 104979.7 18.7708 9.6992 1.5575 4.760015 0.001836 0.004656 
45 1.889999 107449 18.7968 8.7972 1.4158 4.320004 0.001814 0.003885 
50 1.849999 108666.6 19.3456 7.6644 1.2483 3.699997 0.001794 0.003251 
55 1.819999 115210.8 19.6621 6.9099 1.1626 3.389998 0.001775 0.002896 
60 1.799999 128179.2 19.3687 6.9113 1.1722 3.469998 0.001757 0.002737 
65 1.789999 136127 20.1092 6.0248 1.0769 3.069998 0.00174 0.002491 
70 1.769999 150379.2 19.8501 5.9919 1.0803 3.119998 0.001726 0.002399 
75 1.759999 159751.4 20.9168 4.7792 0.9779 2.679998 0.001711 0.002233 
80 1.749999 176130.4 20.7543 4.7957 0.9812 2.709998 0.001698 0.002176 
85 1.749999 194027.8 20.725 4.825 0.9834 2.719998 0.001685 0.002123 
90 1.739999 205957.5 22.3578 3.0461 0.8738 2.239999 0.001674 0.002022 
Velocity Lamda ResistanCE Lk Lc Ttx Tau (eq) RdH 
Knots N m m m degrees 
40 1.945019 118583.3 17.9495 10.448 1.7982 5.750037 -13603.6 
45 1.881869 118359.8 17.9447 9.5306 1.6044 5.130023 -10910.8 
50 1.843979 117176.4 18.4377 8.4844 1.3952 4.340005 -8509.8 
55 1.818719 122430.5 18.7744 7.7789 1.2867 3.929997 -7219.7 
60 1.793459 135085.6 18.48 7.7045 1.2922 4.009997 -6906.4 
65 1.780829 141707 19.1226 6.8775 1.1773 3.529998 -5580 
70 1.768199 156132.3 18.9617 6.854 1.1806 3.569998 -5753.1 
75 1.755569 164198.7 19.9041 5.7272 1.059 3.049998 -4447.3 
80 1.755569 181014.7 19.8809 5.7504 1.0612 3.059998 -4884.3 
85 1.742939 198016.7 19.7199 5.727 1.0629 3.089998 -3988.9 
90 1.742939 209824.1 21.2713 4.1756 0.9389 2.529999 -3866.6 
Velocity ResistanCE % Rsum Lk Lc Ttx Tau (eq) R H(-w) R H(+w) 
Knots N m m m degrees 
40 13294.37 12.66375 18.7708 9.6992 1.5575 3.915505 91685.33 78081.73 
45 13275.58 12.35523 18.7968 8.7972 1.4158 4.31344 94173.42 83262.62 
50 12818.14 11.79584 19.3456 7.6644 1.2483 5.03497 95848.46 87338.66 
55 13179.38 11.43936 19.6621 6.9099 1.1626 5.494781 102031.4 94811.72 
60 14788.62 11.53746 19.3687 6.9113 1.1722 5.36825 113390.6 106484.2 
65 14968.27 10.99581 20.1092 6.0248 1.0769 6.066891 121158.7 115578.7 
70 16648.65 11.07112 19.8501 5.9919 1.0803 5.969759 133730.6 127977.5 
75 16473.49 10.31195 20.9168 4.7792 0.9779 6.948967 143277.9 138830.6 
80 18267.45 10.37155 20.7543 4.7957 0.9812 6.872098 157863 
152978.7 
85 20161.67 10.39112 20.725 4.825 0.9834 6.846852 173866.1 
169877.2 
90 19060.17 9.254419 22.3578 3.0461 0.8738 8.313029 186897.3 
183030.7 
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Hull B Displacement = 102000 Kg 
LCG= 11.15 m 
VCG= 2.5 m 
beam = 7.15 m 
Dead rise = 12 degrees 
Cf + dCf= 0.0017 
f= 0.5 m 
Epsilon = 0 degrees 
Velocity Lamda ResistancE Lk Lc T1x Tau (eq) CF CT 
Knots N m m m degrees 
40 2.559998 116187.9 21.791 14.817 1.5086 3.969997 0.001n5 0.004008 
46 2.429998 120753.7 21.2864 13.463 1.3142 3.539998 0.001754 0.003318 
52 2.349998 133581.4 20.782 12.823 1.2614 3.479998 0.001733 0.00297 
58 2.299998 140023.3 21.1894 11.701 1.0793 2.919998 0.001714 0.002557 
64 2.269998 153162.4 21.4989 10.962 0.9864 2.629998 0.001694 0.002327 
70 2.239998 173634.1 21.1476 10.884 0.9961 2.699998 0.001678 0.002235 
76 2.229998 189597.3 21.8922 9.9968 0.89 2.329999 0.001661 0.00208 
82 2.229998 214510.9 21.8165 10.073 0.8983 2.359999 0.001645 0.002021 
88 2.219998 233465.2 22.9809 8.7651 0.7819 1.949999 0.001631 0.001919 
94 2.209998 260858 22.8372 8.7658 0.785 1.969999 0.001618 0.001887 
100 2.219998 292009.2 22.8731 8.8729 0.7902 1.979999 0.001604 0.001858 
Velocity Lamda Resistance Lk Lc T1x Tau (eq) RdH 
Knots N m m m degrees 
40 2.551258 133535.7 21.0132 15.47 1.8276 4.99002 -17347.8 
46 2.424958 133736.9 20.5495 14.127 1.5442 4.310004 -12983.2 
52 2.349178 144866.3 20.1319 13.461 1.4568 4.150001 -11284.9 
58 2.298658 148491 20.4731 12.398 1.2248 3.429998 -8467.7 
64 2.273398 160431.4 20.7818 11.728 1.1093 3.059998 -7269.02 
70 2.248138 180962.8 20.5139 11.634 1.1164 3.119998 -7328.74 
76 2.235508 195615 21.1539 10.814 0.989 2.679998 -6017.69 
82 2.222878 219521 21.0063 10.781 0.9931 2.709998 -5010.09 
88 2.210248 236972 22.018 9.5886 0.8567 2.229999 -3506.83 
94 2.210248 265048.1 21.9902 9.6164 0.8594 2.239999 -4190.13 
100 2.210248 294959.8 21.9627 9.6439 0.8622 2.249999 -2950.58 
Velocity Resistance % Rsum Lk Lc T1x Tau (eq) R H(-w) R H(+w) 
Knots N m m m degrees 
40 16255.31 13.99054 21.791 14.817 1.5086 3.070107 99932.6 82584.82 
46 16503.04 13.66669 21.2864 13.463 1.3142 3.442465 104250.7 91267.53 
52 18187.29 13.61513 20.782 12.823 1.2614 3.501743 115394.1 104109.3 
58 18247.43 13.03171 21.1894 11.701 1.0793 4.172551 121n5.9 113308.2 
64 19347.29 12.63189 21.4989 10.962 0.9864 4.632263 133815.1 
126546.1 
70 22114.49 12.73626 21.1476 10.884 0.9961 4.512253 151519.6 
144190.8 
76 22966.87 12.1135 21.8922 9.9968 0.89 5.228296 166630.4 
160612.8 
82 26108.7 12.17127 21.8165 10.073 0.8983 5.1618.72 188.402.2 
183392.1 
88 26213.06 11.22782 22.9809 8.7651 0.7819 6.246628 
207252.1 203745.3 
94 29432.5 11.28296 22.8372 8.7658 0.785 6.183235 
231425.5 227235.3 
100 33026.56 11.31011 22.8731 8.8729 0.7902 6.152019 
258982.7 256032.1 
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Hull C Displacement = 13680 Kg 
LCG= 4.1 m 
VCG= 0.8 m 
beam = 6.84 m 
Deadrise = 22 degrees 
Cf+ dCf= 0.0017 
f= 0.53 m 
Epsilon = 0 degrees 
Velocity Lamda Resistance Lk Lc Ttx Tau (eq) CF CT 
Knots N m m m degrees 
40 0.8 22916.8 11.8939 -0.95 0.813 3.919997 0.0021 0.002644 
46 0.79 25736.04 13.1531 -2.346 0.7456 3.249998 0.002061 0.002274 
52 0.79 30809.48 13.1056 -2.298 0.7475 3.269998 0.002025 0.00213 
58 0.78 36159.11 12.944 -2.274 0.7473 3.309998 0.001998 0.002035 
64 0.78 41010.14 15.1775 -4.507 0.6779 2.559999 0.00197 0.001896 
70 0.77 47368.05 15.0327 -4.499 0.6766 2.579998 0.001949 0.001854 
76 0.76 54140.98 14.8891 -4.492 0.6754 2.599998 0.00193 0.001821 
82 0.76 62026.88 14.8891 -4.492 0.6754 2.599998 0.00191 0.001793 
88 0.75 69672.45 14.7466 -4.487 0.674 2.619998 0.001895 0.001772 
94 0.75 78642.56 14.71 -4.45 0.6749 2.629998 0.001878 0.001753 
100 0.74 87083.76 14.6052 -4.482 0.6727 2.639998 0.001865 0.001738 
Velocity Lamda Resistance Lk Lc Ttx Tau (eq) 
Knots N m m m degrees 
40 0.79569 23943.96 11.1098 -0.225 0.86 4.440007 -1027.16 
46 0.79569 26688.53 12.3409 -1.456 0.7856 3.649997 -952.49 
52 0.78306 31426.1 12.1795 -1.467 0.7838 3.689997 -616.62 
58 0.78306 37003.03 12.161 -1.449 0.7847 3.699997 -843.92 
64 0.77043 41140.52 14.0169 -3.477 0.7042 2.879998 -130.38 
70 0.77043 47890.84 14.0169 -3.477 0.7042 2.879998 -522.79 
76 0.7578 54478.89 13.8402 -3.473 0.7026 2.909998 -337.91 
82 0.7578 62300.82 13.8402 -3.473 0.7026 2.909998 -273.94 
88 0.7578 70716.81 13.8402 -3.473 0.7026 2.909998 -1044.36 
94 0.74517 78517.36 13.6653 -3.471 0.70OS 2.939998 125.2 
100 0.74517 87952.87 13.6653 -3.471 0.7008 2.939998 -869.11 
Velocity Resistance % Rsum Lk Lc Ttx Tau (eq) R H(-w) R H(+w) 
Knots N m m m degrees 
40 2522.2 11.0059 11.8939 -0.95 0.813 5.909924 20394.6 19367.44 
46 2605.728 10.12482 13.1531 -2.346 0.7456 7.126538 23130.31 22177.82 
52 3129.119 10.15635 13.1056 -2.298 0.7475 7.082998 27680.36 27063.74 
58 3694.838 10.21828 12.944 -2.274 0.7473 6.997496 32464.27 31620.35 
64 3582.274 8.735092 15.1775 -4.507 0.6779 9.045521 37427.87 37297.49 
70 4161.681 8.785839 15.0327 -4.499 0.6766 8.975448 43206.37 42683.58 
76 4783.792 8.835806 14.8891 -4.492 0.6754 8.906452 49357.19 49019.28 
82 5480.575 8.835806 14.8891 -4.492 0.6754 8.906452 56546.31 56272.37 
88 6190.402 8.885008 14.7466 -4.487 0.674 8.838511 63482.05 
62437.69 
94 7006.526 8.90933 14.71 -4.45 0.6749 8.804928 71636.03 
71761.23 
100 7779.598 8.933466 14.6052 -4.482 0.6727 8.7716 79304.16 
78435.05 
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Investigation of Performance 
Characteristics of High Speed Planing Craft 
J.P. Bate, R. Sutton 
Marine Dynamics Research Group, Institute of 
Marine Studies, Polytechnic South West, Drake 
Circus, Plymouth PL4 BAA, UK 
ABSTRACT 
The aerodynamics of planing craft have become an 
important consideration in recent years, since speeds 
attained have continually increased. Thus, in this 
work a method was devised to calculate the 
aerodynamic lift and drag of a planing hull and is 
detailed in this paper. The method is based on 
aerodynamic theory and is used to determine the 
N hydrodynamic lift and drag of the hull. The effect of 
~ an aerofoil, the ground effect and trailing vortex 
drag were also investigated. 
INTRODUCTION 
The first computer aided design packages for ships 
were developed in the 1960's and were very crude by 
modern standards. Today, computing techniques have 
advanced sufficiently that naval architects have 
personal computer systems for design work; however, 
there are relatively few computer programs intended 
specifically for planing craft design. 
The design of planing craft has been primarily an 
evolutionary process, with hard chine hulls gaining 
equal status with round chine hulls after the Second 
World War. Modern applications of planing craft can 
be summarised briefly as being naval, coastguard and 
commercial. 
This paper considers the aerodynamics and 
hydrodynamics of high speed monohull planing craft. 
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Modern high speed planing craft are designed to 
operate at speeds in excess of 50 knots. As a result, 
the performance of the craft depends to a greater 
extent on the aerodynamic forces on the hull, as 
illustrated by Wikeby [1), where the aerodynamic drag 
of a high speed raceboat was calculated as 29 percent 
at 67 knots. 
Designers of modern planing craft usually calculate 
the powering requirements of a specific hull by 
including the effects of hydrodynamic lift and drag, 
weight, thrust and buoyancy. It is usually assumed 
that aerodynamic drag is negligible, as in (2). 
The aim of the work detailed herein was therefore to 
devise a method of calculating the aerodynamic lift 
and drag of a specific planing craft. Additional 
calculations for the provision of an aerofoil section 
were also investigated. 
An overall design system was considered; the method 
devised involved the preliminary design of the craft, 
hydrostatic calculations and their incorporation 
into spreadsheet format for dynamic calculations. The 
commercially available AutoSHIP software was also 
used, and a design spiral was developed, leading to 
the completion of the hull form (construction was not 
investigated). Results are presented which illustrate 
the effects of variations of transom flap and 
aerofoil configuration for a final hull shape, 
operating at high speed. 
EQUILIBRIUM OF PLANING CRAFT AT HIGH SPEED 
Figure 1 shows a planing craft operating with transom 
flaps and an aerofoil section, the corresponding 
moments created by the forces depicted in Figure 1 
are given in equation (1) below: 
[(A. [1-Sin('t+c) .sin't)/cos't) - L - L - L ).c 
Ali AA rr 
+ D . a + L . (LCG+H) + L . (LCG-LCAA) 
r rr r AA 
+ D .(g+a+~.Tan~) 
rr 4 
- f. (A. Sin't + D + D + D + D ) 
r rr AH AM 
L . (LCAL-LCG) - D .(VCAL-(a+~.Tan~» 
AM AM 4 
- D .(VCAA-(a+e.Tan~» + R . (VCG+VCLU) 
AA 4 LU 
= 0 ( 1) 
See appendix A for nomenclature . 
N 
N 
0\ 
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FIGURE 1: Forces acting on a high speed planing 
craft. 
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Equation (1) is called the equilibrium equation and 
describes the balance of moments for a high speed 
craft. 
Note that the moment caused by the resistance of an 
engine lower unit has also been included in equation 
(1) • 
cal9ulation of Aerodynamic Centre of Pressure 
There are only two values in the equation (1) that 
are not calculated by current methods, i.e. LCAL and 
VCAL, the longitudinal and vertical aerodynamic 
centre of pressure of the hull. 
Reference [3] shows the individual calculations for 
evaluating the moments of the aerodynamic forces 
about the leading edge, the aerodynamic centre and 
the centre of pressure of an aerofoil. A methodology 
was devised for calculating the position of the 
centre of pressure of the aerodynamic forces on a 
hull, devised by adapting the aerodynamic 
calculations in [3] to suit a hull, rather than an 
aerofoil, and connecting them for the required 
output. 
This method treats the hull as a two dimensional 
object surrounded by one dimensional flow. The fluid 
is treated. as incompressible and inviscid, so that 
simple aerodynamic theory can be applied to small 
s~ctions (or elements) of the hull. This essentially 
involves calculating the pressure on these elements 
and integrating for the complete hull. 
The main problem with this method of calculation is 
in finding the value of local angle of incidence '~' 
for the element of the aerodynamic section being 
considered. Two methods are apparent: 
(i) using knowledge of the hull coordinates, fit a 
B-spline to the buttock lines. Differentiate with 
respect to length and enter the length along the 
chord to give the gradient, '~', at that point. 
(ii) A 'finite element' matrix of the hull can be 
developed from an AutoSHIP file and then by treating 
the curvature of the hull as linear over small areas, 
the incidence can be found. 
Alternatively, it was possible to estimate the 
position of LCAL and veAL, so as to allow the overall 
model to continue development. Due to the approximate 
nature of the points of action of the buoyant and 
dynamic hydrodynamic forces acting on the hull, it 
was felt to be acceptable to derive a similar 
approximate method for calculating veAL and LeAL, 
N 
N 
-l 
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based on aerodynamic theory. i.e. that LCAL=0.25xLOA 
from the bow and VCAL=0.33xDepth from the transom 
heel. 
AEROFOIL SECTIONS 
with the increasing trend towards faster powerboats, 
the addition of an aerofoil section has become 
common. On cruising boats this is generally a sales 
ploy, with horns, aerials, flags and other such items 
being attached to the aerofoil, reducing what laminar 
flow there was in the first place. For the more 
serious powerboat, an aerofoil section can be used to 
reduce hydrodynamic drag, promote hydrodynamic lift, 
increase the dynamic transverse stability and provide 
control of porpoising, hence increasing the top speed 
of the craft. 
Aerofo!l position 
The position of the aerofoil is of great importance; 
if the centre of pressure of the aerofoil is directly 
above the centre of gravity of the hull, then its 
effect is mainly that of lift. By moving the centre 
of pressure of the aerofoil foreward or aft of the 
centre of gravi ty of the hull, a moment can be 
introduced whose magnitude is dependant on· the speed 
of the hull. By introducing such an aerofoil to the 
calculations, this effect of aerofoil position was 
investigated and some typical results are given in 
Table 1. 
TABLE 1: Effect of variation of aerofoil position 
with and without trim tabs. 
1. Trim tabs: None 
Aerofoil : None 
"t: ... 
" 
1. 24 Degrees. R 
"t:e 
= 109.34 KN. 
"t: = 2.61 Degrees. R = 40.16 KN. 
m .. x 'tm .. x 
"t: 4.00 Degrees. R a 35.40 KN. 
Rnlln min 
possible drag reduction = 69.19 KN = 63.27% 
2. Trim tabs: L(F)=3.3m u=1 6=3 
Aerofoil: LCAA=30m (at bow) VCAA-3.5m 
Span=10m Chord=3m 
't = 1.26 Degrees. R = 106.56 KN. 
" 
'to 
"t: .. 2.61 Degrees. R = 41. 90 KN. 
.... " 'tm .. x 
't 
"" 
4.00 Degrees. R • 37.60 KN. 
RIooln min 
possible drag reduction = 64.66 KN = 60.68% 
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The above results, and other similar results, showed 
that the greater the running trim (equilibrium trim), 
the lower the equilibrium resistance value (the 
running trim never exceeded the minimum resistance 
value, which always lay in the 4 to 5 degrees range). 
Also, since the deadrise was not altered the maximum 
trim value was not altered significantly. The effect 
of trim tabs was to reduce trim angle and increase 
all values of resistance; when trimmed negatively, 
the flaps served to increase the running trim and 
reduce resistance. The addition of an aerofoil at the 
bow increased the running trim and reduced 
resistance. An aerofoil above the centre of gravity 
provided mainly dynamic lift, and an aerofoil 
positioned at the stern reduced the equilibrium trim 
and increased resistance. Consequently, for high 
speeds, an aerofoil was shown to be of most use if 
positioned near the bow, in conjunction with 
negatively trimmed trim tabs. 
Other tests showed that reducing the beam by 10 
percent proved to be of greater significance in 
reducing resistance, which highlights the sort of 
compromises that the designer faces. 
pihedral 
To provide transverse stability, an angle of dihedral 
should be given to the aerofoil. The angle of 
dihedral is the amount by which the two halves of the 
aerofoil are inclined vertically towards each-other. I 
This angle depends on the maximum expected roll angle 
of the craft. The application is straight-forward; as 
the craft rolls, the lower aerofoil section provides 
greater lift than the upper section, hence creating a 
righting moment. 
Sweepback 
When an aerofoil section is turned (yawed), it will 
induce a rolling motion due to the increased lift on 
the outer wing and reduced lift on the inner wing. To 
counter this the aerofoil can be given some 
sweepback. Sweepback also has the effect of 
increasing the lift coefficient at the outer end of 
the wing, so some wing washout (reduced incidence at 
the outer ends) may be required. 
~ Ground Effect 
For a high speed catamaran planing hull the ground 
effect provides a sUbstantial percentage of the total 
aerodynamic lift and drag; since this work was 
concerned with planing monohulls only I calculations 
for the ground effect were not included, since the 
ground effect has a less significant result on 
monohulls. 
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PERFORMANCE CALCULATIONS 
The calculation of the resistance and trim of a bare 
planing hull is usually performed by naval architects 
using savitsky's tabulated method (4], derived from 
prismatic-like planing surfaces. This method can 
predict the performance of a planing hull with or 
without transom flaps and was initially written in 
spreadsheet form. An aerofoil was included in the 
calculations and then an approximate method for 
calculating the aerodynamic lift and drag of the hull 
was included, as previously mentioned. 
Equation (1) is the basis of this theory and was used 
in spreadsheet form initially, but is now part of a 
'e' computer program which performs the same tasks, 
and also offers the option of varying any of the 
inputs over a range of values and plotting the 
outputs (see Figure 2 on the next page). This is 
useful to the naval architect as a means of 
preliminary assessment of optimal hull dimensions for 
a new craft. By careful comparison of the maxima and 
minima, and by prioritisation of the various 
parameters (beam, deadrise, velocity, etc.) the 
designer can select the optimal configuration for the 
hull. 
DISCUSSION, CONCLUSIONS AND FURTHER WORK 
~ A computer program has been developed to assist the 
~ naval architect in the preliminary design of planing 
monohulls, based initially on work by Savitsky ( 4 ] . 
Due to initial time limitations, the calculation of 
the location of the aerodynamic centre of pressure 
was simplified to an assumption that was felt to be 
valid in the context of the empirical nature of other 
associated calculations. The software produces 
acceptable results within the limits set out in (4], 
however it is the intention that present work being 
undertaken by the Marine Dynamics Research Group will 
enhance this scope to cover planing catamaran hulls. 
To this end, research into the ground effect and 
catamaran hull interaction effects is being 
undertaken. 
Another area that needs clarification is that of the 
transition to planing of chined craft (Le. when a 
planing craft is supported by predominantly buoyant 
forces), so that the model has a complete range of 
appllcabi li ty. 
Us i ng hydrodynamic and aerodynamic theory it should 
be feasible to develop computer software to predict 
the performance of planing craft. A possible 
210 Manoeuvr-ing and Conlr-o\ of Mar-ine Cr-afl 
advantage of using a theoretical approach is that 
novel hullforms could be modell.ed, i.e. the model. 
would not be restricted to just planing monohulls, or 
just planing catamarans. The 'finite element' method 
mentioned earlier would be a suitable starting point 
for this approach, and could be of a modular form so 
that different regions of the hull could be modelled 
individually (bow, gap, wake, sides, etc.). 
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FIGURE 2 : samp~e graphs to show some output 
characteristics with variation of given 
inputs. 
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APPENDIX A. 
NOMENCLATURE 
c 
A 
b 
D 
g 
V 
r 
Distance of N from CG, perpendicular to keel. 
Aerofoil chord length. 
Mean wetted length:beam ratio. 
Beam of planing surface. 
Frictional drag force component along botte 
surface. 
Acceleration due to gravity. 
Horizontal velocity of planing surface. 
~ angle of deadrise of planing surface. 
t:. 
D 
AA 
D 
AH 
d 
N 
Load on water, mass displacement. 
Aerofoil aerodynamic drag . 
Hull aerodynamic drag. 
Vertical depth of trailing edge of hull belo\>, 
water level. 
Component of resistance force normal to bottom. 
a Distance between Dr and CG, normal to Dr. 
f 
T 
c 
L 
AH 
LAA 
~ 
~ 
e 
~ 
max 
Distance between T and CG, normal to T. 
Propeller thrust. 
Inclination of thrust line relative to keel 
line. 
Hull aerodynamic lift. 
Aerofoil aerodynamic lift . 
Trim angle of planing area. 
Equilibrium trim angle. 
Trim angle at which the inception of porpoising 
occurs. 
~ Trim angle corresponding to minimum resistance Amln 
at top speed . 
LCG Longitudinal distance of centre of gravity from 
transom, measured along keel. 
LCAA Longitudinal distance of aerofoil centre of 
pressure from transom. 
i 
\ 
I 
: \ 
I 
I 
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LeAL Longitudinal distance of hull aerodynamic centre 
of pressure from transom. 
VCG Vertical centre of gravity of hull from keel. 
VCAL Vertical distance of hull aerodynamic centre of 
pressure from keel. 
VCLU vertical distance of centre of pressure of lower 
unit from keel, downwards positive. 
VCAA vertical distance of aerofoil centre of pressure 
from transom heel. 
VCG Distance of centre of gravity above keel line, 
normal to keel. 
LCB Distance of centre of buoyancy from eG. 
R Resistance of lower unit. LU 
D Flap drag increment. 
rr 
H Point of action of 6 . 
r r 
AN INVESTIGATION INTO THE AERODYNAl\'nC AAl> 
HYDRODYNAMIC PROPERTIES OF IDGH SPEED PLA:\lNG 
CRAFT. 
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Abstract 
The hydrodynamic and aerodynamic forces acting on a high speed marine craft can be 
represented in varying degrees of complexity, depending on the mathematical model used. 
Current models of high speed planing craft are based on simplified forms, such as 
prismatic shapes or wedges. This paper details recent studies into performance prediction 
software for high speed craft and follows on from earlier work [1] in performance 
prediction of planing craft based on Savitsky's tabulated procedure. This paper includes 
details of the research and development of software for predicting the aerodynamic and 
hydrodynamic forces on a high speed planing craft, whose form is designed on specialised 
CAD software, rather than previous simplified hull forms. The computer program reads 
the hull lines from the CAD software and then employs a 'finite element' routine so that 
elemental forces can be calculated and integrated over the entire hull. This provides great 
benefits for the naval architect who can now investigate the effect of very small changes to 
intended hull forms and hence optimise the detailed form of the hull. This work greatly 
enhances the problem of performance prediction for high speed planing craft and eschews 
the traditional empirical approach, whilst still maintaining a 'user friendly' standard. 
The computer model has been validated against data for various hulls, including various 
high speed offshore racing craft. Furthermore, model tests have been conducted to assess 
the accuracy of the predicted elemental forces, and it is shown that these are within the 
expected limits of accuracy. 
Physical model tests using a circulating water channel and wind tunnel are detailed and 
results are presented for the aerodynamic effect on flat plates. The incorporation of these 
results in the modular computer model is outlined. 
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INTRODUcnON. 
Planing hulls have advanced over the years to a stage where speeds of 40 knots are attained 
at very low resistances, thus suggesting that efficiencies are improving in tenns of both 
powering and design. As technology has improved, so has the ability to design craft that 
can achieve higher and higher speeds. Whilst 40 knots may suffice for ferries, pleasure 
boats and even military uses, the requirement for more speed is always present and is most 
obvious in the racing classes. The Offshore series of racing craft are able to achieve 
velocities of up to 120 knots in calm water. At these velocities the aerodynamic forces 
have a significant influence in the overall high speed characteristics of the craft. Apart 
from the immediate lift and drag components of the aerodynamics, there will also be 
influential secondary effects, such as the water surface depression caused by the 
downwardly deflected air under the hull. 
The analysis of planing craft operating in this modern very high speed planing regime has 
not previously been detailed, mainly since naval architects tend to use their experience in 
designing craft, and rely on making a series of small modifications to a craft during 
research and development, rather than returning to basics and re-analysing the theory. As a 
result of this, unless the designer is particularly aware, it is only when significantly unusual 
features of the planing regime become apparent that the designer is made to stop and 
rethink. 
An elucidation of the characteristics of very high speed planing hulls shows that the craft 
are designed to plane at very low trim angles, with very little planing area. The problem is 
not one of attaining lift, but of attaining a fmely tuned minimum resistance whilst dynamic 
stability is maintained. 
Owing to the particularly high velocities that are being attained, combined with the 
exceptionally small trim angles, these craft operate in a 'new' regime, ~her~b~ the 
hydrodynamic form resistance of the hull is negligible and the hydrodynamIC ~ctIonal 
resistance is the principal resistive component. This implies that a somewhat different 
mechanism is responsible for the dynamic behaviour of these craft. Relevant features can 
be summarised as follows: 
1. Predominant hydrodynamic frictional resistance. 
2. Insignificant wave rise in front of hull. 
3. Significant aerodynamic forces on the hull. 
4. Aerodynamic impression on water surface in front of hull. 
5. Turbulent boundary layer at transom. 
Figure 1 illustrates a craft operating in this new 'Alto-planing' regime. 
FIGURE 1. VERY IDGH SPEED 'ALTO-PLANING' CRAFT WITH PRINCIPAL MECHANISMS. 
Aerofoil 
Centre of gravity Aerodynamic centre of pressure 
Turbulent walee 
Turbulent Boundary layer I 
Insignificant wave rise 
Impression in water surface 
Due to aerodynamic ground effect 
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The c?mponents of resistance will include both aerodynamic and hydrodynamic forces, the 
magnItudes of which depend on the dynamic characteristics of the craft. It has already 
been stated that modern high speed craft can attain exceptionally high velocities, and at 
such velocities it is possible that the aerodynamic components of lift and drag can exceed 
those of the hydrodynamics. In terms of the hydrodynamic drag components, the wave 
making resistance will be insignificant in comparison to the frictional resistance. Thus for 
a flat plate, any wave created in flat water can be attributed to a frictional build-up of 
water in front of the hull, as opposed to being caused by the hull's displacement moving 
through the water. The high velocities mean that as the frictional wave tries to develop, it 
is overtaken and hence there is no significant wave rise in front of the hull. 
A further complication is that at very high velocities the air/water interface is broken down 
and no hard line exists. An 'emulsion' of air bubbles and water deteriorate the lift at the 
leading edge. The effect of this on the pressure distribution may be quite significant. 
PERFORMANCE PREDICI10N AND ANALYSIS. 
The current situation is such that performance prediction of planing craft tends to be 
performed by naval architects using software based on Savitsky's tabulated procedure, as 
documented in [2]. This prediction method is limited principally by the empirically 
derived equations' limits of applicability, and also by the fact that the empirical tests were 
performed on prismatic hull forms, which are not accurately representative of high speed 
craft. Other analyses of planing craft treat the hull as a wedge, with similar limitations. 
What is ideally required is a computer model which allows the naval architect to design 
the hull form and to produce a set of lines which are then analysed. This system would 
simplify the task of the naval architect and would have the tremendous benefit of allowing 
the designer to adjust the hull form slightly and to review the predicted performance. Such 
an ideal computer model would incorporate the following: 
Hull module: 
• Hydrodynamic frictional drag. 
• Hydrodynamic wave drag. 
• Wave rise drag. 
• Spray drag. 
• Hydrodynamic hull interaction effects. 
• Hydrodynamic lift. 
• Buoyant lift. . . 
• Aerodynamic Lift. Incorporating wind, hull InteractIOn and ground effect. 
• Aerodynamic drag. Including superstructure. 
• Hull steps: 
a: Drag increase/ reduction. 
b: Ventilation. 
Trim tabs: 
• Hydrodynamic lift and drag. . 
• Hydrodynamic moment about centre of graVIty. 
Aerofoil: 
• Aerodynamic lift and drag. . 
• Aerodynamic moment about centre 0: graVIty. .' ound effect from the hull 
• Inclusion of possibility of the aerofOlI operatIng III Its own gr 
or water. 
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Appendages: 
Resistance, forces and moments of: 
• Propeller, shaft and brackets. 
• Stabilisers. 
• Hydrofoils. 
• Rudders. 
The modular nature of these components would mean that it is possible to construct a 
computer model using existing methods, and introduce the additional components when a 
calculation method is devised. Furthermore, by using a mixture of empirically based and 
theoretical calculations, a model could be constructed which could analyse any high speed 
marine craft. The components which contain the greatest unknown quantities are the 
aerodynamic lift, drag and centre of pressure of the hull, and thus it is this area where 
recent work has been undertaken. 
Recent work by the authors has been in two parts; firstly to investigate the mathematical 
modelling of very high speed marine craft and secondly to investigate experimentally, the 
aerodynamic components of the forces on the hull, both of which are reported herein. 
The computer model. 
The computer model to be used had to lend itself well to a modular approach so that as 
each module was completed it could be tested individually_ A model based on the 
calculation of the pressure distribution over the hull was implemented by reading the form 
of the hull from a data file and performing the required calculations. If further 
modifications were then required for the hull, it could be altered on the hull design 
software and then re-evaluated. This system is outlined in Figure 2. 
FIGURE 2. FLow DIAGRAM OF 1HE HULL DESIGN SYSTEM. 
Initial hull design 
Initial performance calculations 
Design modifications 
No 
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The hull forms were designed using the AutoSIDP software for naval architects and the 
lines were stored in a data file as transverse frames along the length of the hull. A complex 
interpolation procedure was devised to enable the hull form to be analysed as a system of 
finitely small elements. The model is capable of dividing a 33 metre craft into 1.5 mm2 
elements. The forces on each element could then be calculated and integrated over the 
entire length and beam of the hull to compute the lift, drag and moments that were acting. 
The calculation procedure has been detailed in [1]. Since the transom draft and trim were 
input variables, the flat water waterline was known and thus the hydrodynamic and 
aerodynamic forces on the hull could be analysed. The air/water interface proved the most 
complex region to model and a compromise has been used at this time whilst the model is 
still being developed. 
To assess the validity of this method during its initial development some hulls were 
designed using the AutoSIllP software and the calculations were performed. At this early 
stage the calculations were limited to hull sections with positive angles of attack and to 
monohulls, however the results have proved promising, as the figures were in the expected 
region. An example follows in Figures 3,4 and 5. The example is for a 33 metre planing 
craft, operating at 70 knots. 
FIGURE 3 BODY VIEW OF TEST HULL FORM 
Body View of 33 metre planing craft. 
i 
~r\\ \ \ I I IT7iJD 
~\ \ \ 1\ / II I(Jj 1\ / 
~ ~\ \ \ ( \ \ / / ) I I 7 w 
~\\ I\'~ \ 1\ \ \ \ II J / / I) I) ~ 
~~~,,\ ~ "" / / /1 V ~ ~ " ~'\~ ~ "" V ~ ~ V r? [\.~ ~ i'--. ./ V ~ 
"'1~~  ~ ~ ~ ~ ~ ~ E:: w 
Graph of un and Drag With variatIOn of Trim. 
Force (Kg) 
~ 
~ 
! 
Lift 
--============== Drag 
o 5 10 
Trim (degrees) 
15 20 
235 
FIGURE 5. FuRTIIER RESULTS OF PREDICTION OF DYNAMIC FORCES. 
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At this initial stage the model was performing calculations for the hydrodynamic and 
aerodynamic forces only. A comparison was made to performance results obtained using a 
previously validated model, detailed in [1], and indicated a reasonable correlation. Work 
on this model for the near future will concentrate on developing the air/water interface 
calculations, and on the downwash and transverse flow modelling. It is felt that this 
computer model will offer a substantial backbone to a future performance prediction 
package, which will incorporate the latest performance prediction techniques as they are 
developed at University of Plymouth. 
Empirical model tests. 
The second aspect of work being undertaken by the authors analyses the aerodynamic 
characteristics of very high speed marine craft using physical model tests. The results of 
these tests are also compatible with the modular performance prediction model. 
Experimental investigation of aerodynamic characteristics. 
A circulating water channel with a wind tunnel connected was used to test the models. A 
strain gauge was attached to a metal bar which was used to tow the models. The wind 
tunnel was connected as shown in Figure 6, and operated to match the wind velocity to the 
water velocity. 
FIGURE 6. WIND TUNNEL AND WATER CHANNEL CONFIGURATION. 
Wind generating pump. 
~ 
C 
Wind tunnel test area 
\ 
\ 
Clamp 
I> 
Tow bar 
Water pump 
Initial model tests were performed on flat plate models, and re~ults wer~ collected for 
experiments with and without the wind effect. By analysing the difference III the two sets 
of results for craft operating at the same value of A and AJ,the wind effect could be 
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analy~ed. Further experiments for constant deadrise hull forms allow a detailed analysis of 
the Wind effect on any hull form to be performed. -
Results are given below for the flat plate model tests. A series of 5 flat plate models were 
used and the models were weighted for different displacements. Each model test was 
perf~~ed with the brid~e/tow li~e attached to the centre of gravity so that the sole 
restnctIOn to the hull motIOns was In yaw. Figure 7 illustrates this arrangement. 
FIGURE 7. MODEL TOWING ARRANGEMENT. 
cenlr~ of g~st model 
Un1e attatchment point 
Bridle lines 
Metal 
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The models were scaled based on a beam Froude number, since this is the prime 
nondimensionalising parameter. The maximum full scale velocity that could be achieved 
was 120 knots. The maximum full scale wind velocity attainable was 150 knots. 
Measurements of displacement, resistance, model length, model beam, position of centre 
of gravity, velocity, trim, transom immersion, wetted length and porpoising stability were 
taken and tabulated. Figures 8 and 9 show the values of A against Al without and with the 
wind effect respectively. 
FIGURE 8. MODEL TEST RESULTS WITH WIND TUNNEL OFF. 
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6 
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FIGURE 9. MODEL TEST RESULTS WITH WlND TUNNEL 0 N. 
10 
6 
4 
It shoul~ be remembered that th~se res~lts are for flat plates, and thus plotting the results 
as A agaInst Al presents the maXImum mformation on only two graphs B . th di " . y companng e 
gra . ents of the two lInes representmg the results with and without wind effect . t . 
P?ssIble to analyse the specific effect of aerodynamics on any flat plate. Figure 10 o;e:la l~ 
FIgures 8 and 9 to emphasise this point. y 
FIGURE 10. DIRECT COMPARISON OF RESULTS OF MODEL TESTS WITH AND WITHOUT THE 
WIND TUNNEL. 
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Results for model tests with various hulls of constant deadrise are currently being 
completed so that the aerodynamic effect on a wider range of craft will be available. This 
work will extend the original empirical limits of Savitsky's tests and the results are also 
compatible with previous work undertaken at University of Plymouth and will be 
incorporated into another performance prediction model. 
Conclusions. 
This paper is intended to provide an insight of how current research at University of 
Plymouth is progressing, using computer methods and empirical model testing to develop a 
computer model for the performance prediction of high speed marine craft. 
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It has been shown that modem craft of all types are achieving higher and higher speeds, 
and it is true that this demand for greater speeds is increasing all the time as efficiencies 
increase in all aspects of marine design. A result of this is that further research is required 
for the performance prediction of such craft. Furthermore, there is an emphasis specifically 
for the aerodynamic characteristics of high speed craft to be included in performance 
prediction. Very high speed craft have been observed to be operating in a regime of 
'surface skimming' which has been identified as 'alto-planing' within this paper. 
The modules incorporated in an ideal computer model have been identified. A computer 
model has been described for performing the initial calculations for the aerodynamics and 
hydrodynamics of the craft. It is suggested that this model will provide a substantial 
foundation on which the remainder of the modules should be constructed. Results of this 
computer model are given and validated. 
Empirical model testing undertaken at University of Plymouth has been detailed and 
results of flat plate experiments have been given. The comparison of results without and 
with the wind tunnel operating show the specific aerodynamic effect on the models. An 
explanation of this application to hulls of constant deadrise is given and it is seen that 
results of such experiments will enable the specific effects of aerodynamics to be 
computed for all high speed craft. It has been explained that these results are compatible 
with the modular nature of the ideal performance prediction model and it is intended to 
incorporate these results at a later stage. 
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Abstract 
With modem high speed planing craft 
attaining speeds of up to 120 knots in offshore 
racing, the aerodynamic characteristics of 
these craft are of great importance. Until very 
recently, research into this field was limited 
to 'novel' flying craft and ground effect 
vehicles. This paper outlines research 
undertaken at University of Plymouth to 
investigate the aerodynamics of more typical 
monohull high speed planing craft. 
Investigations into the specific effects of the 
aerodynamic forces and moments on high 
speed hulls have been performed using a 
circulating water channel with a wind tunnel 
incorporated. A wide spectrum of hull forms 
have been analysed and data has been 
collected to produce a series of equations 
which describe the aerodynamic lift, drag and 
porpoising stability limits as a function of 
speed, trim angle, deadrise angle and loading. 
These results have been incorporated in a 
computer program to produce a method of 
predicting the powering, running trim, draft 
and porpoising stability of a high speed 
planing hull. This program provides a tool for 
developing a hull with optimal aerodynamic 
and hydrodynamic characteristics for a given 
task. 
Example graphs are given showing various 
aerodynamic characteristics for a given 
hullform. 
Introduction. 
In recent years the increases in speed of 
planing craft have led to a situation where the 
aerodynamics of the hull can be expected to 
have a significant influence on the overall 
resistance, and hence performance, of the 
craft. Since the designer is interested in 
minimising the resistance of the craft, it was 
necessary to develop a performance 
prediction model that included calculations 
for the aerodynamics of the hull, as discussed 
in [1]. Experimental tests on an offshore 
racing monohull showed that the aerodynamic 
lift at sixty-six knots comprised 27 per cent of 
the total lift [2]. Furthermore, this reference 
offers graphs for aerodynamic lift and drag 
coefficients against angles of attack for the 
aforementioned monohull, and for a tunnel 
boat hull of similar dimensions. These 
aerodynamic lift and drag coefficients can be 
applied to other planing monohulls of similar 
form, hence allowing the inclusion of these 
characteristics during the computation of high 
speed planing craft performance. 
The traditional approach to predicting the 
aerodynamic components of lift and drag of a 
high speed marine vehicle has involved dry 
model testing to determine the relative 
components. These values are then 
incorporated in a prediction, with the 
hydrodynamic lift and drag, to determine the 
overall forces acting on the craft. 
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Preliminary fluid flow experiments for the 
ground effect were performed on a scale 
model of a tunnel racing boat [3]. These 
experiments were classified as aerodynamic 
and hydrodynamic, using both a wind tunnel 
and then a towing tank. This study 
demonstrated that the aerodynamic drag 
forces of modern tunnel boat hulls had 
become a significant percentage of the total 
drag forces. With this in mind it became 
apparent that the major improvements in 
performance would come from any 
aerodynamic changes, as opposed to 
alterations to the hydrodynamic form. 
Since the estimation of how much lift, or 
angle of attack, to be built into the hull has a 
profound effect on the performance of the 
hull, the primary objectives of a second study 
[4] were to obtain accurate measurements of 
the aerodynamic lift, drag, and pitching 
moment on the scale model tunnel boat hull. 
From these measurements a set of 
nondimensional design curves were 
developed. 
Tuck [5] considered a simple one-
dimensional theory for air-supported vehicles 
over water. A principal result of this study 
was the documentation of the depression of 
the water surface directly ahead of the foil. 
The importance of this depression for high 
speed planing craft has been detailed [6] and 
is discussed later in this paper. 
General characteristics of very high 
speed planing craft. 
The Offshore series of racing craft are able to 
achieve velocities of up to 120 knots in calm 
water. At these velocities the aerodynamic 
forces have a significant influence in the 
overall high speed characteristics of the craft. 
Apart from the immediate lift and drag 
components of the aerodynamics, there will 
also be influential secondary effects, such as 
the water surface depression caused by the 
high pressure air under the hull. 
The analysis of planing craft operating in this 
modem very high speed planing regime has 
not previously been detailed, mainly since 
designers tend to use their experience in 
designing craft, and rely on making a series of 
small modifications to a craft during research 
and development, rather than returning to 
basics and re-analysing the theory. As a result 
of this, it is generally when particularly 
unusual features of the planing regime 
become apparent that the designer is made to 
stop and rethink. 
An elucidation of the characteristics of very 
high speed planing hulls shows that the craft 
are designed to plane at low trim angles in the 
region of 2 or 3 degrees, with very little 
planing area. The problem is not one of 
attaining lift, but of attaining a finely tuned 
minimum resistance with dynamic stability 
maintained. Furthermore, since modem craft 
are attaining very low resistances, the 
principal limitation is governed by the 
dynamic stability, which generally decreases 
as the velocity increases. 
Alto-Planing. 
Due to the particularly high velocities that are 
being attained, combined with the 
exceptionally small trim angles, these craft 
operate in a 'new' regime, whereby the 
hydrodynamic form resistance of the hull is 
negligible and the hydrodynamic frictional 
resistance is the principal resistive 
component. This implies that somewhat 
different mechanisms are responsible for the 
dynamic behaviour of these craft. Relevant 
features can be summarised as follows: 
1. Predominant hydrodynamic frictional 
resistance. 
2. Insignificant wave rise in front of hull. 
3. Significant aerodynamic forces on the 
hull. 
4. Aerodynamic impression on water surface 
in front of hull. 
5. Turbulent boundary layer under the 
majority of hull. 
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6. Truncated pressure distribution near the 
stagnation line at the transom. 
This modem high velocity regime has been 
identified by this author, with the aid of Lome 
Campbell Design, and is defined here, by this 
author, as 'alto-planing'. Figure 1 illustrates a 
craft operating in this new 'Alto-planing' 
regime. 
FigtJ!e 1. Alto-Planing. 
Aerofoil 
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testing, using radio-controlled models. The 
use of a model towing tank was considered, 
however the problem was in finding a fast 
enough and long enough tank to gain useful 
measureme~ts. Furthermore, as with radio-
controlled model testing, this method would 
not allow measurement of the hull 
performance characteristics without the 
aerodynamic forces and moments, which was 
a specific intention of the investigation. 
Rotating arm tank tests were considered 
Aerodynamic CP 
Depressed water surface 
The planing craft running conditions are 
complicated by the aerodynamic depression 
of the water surface in front of the hull; at 
high velocities the line of the air/water 
interface becomes less clean and an emulsion 
of water and air bubbles is evident. 
Whilst the aerodynamic forces increase in 
magnitude and proportion of overall forces as 
the craft velocity increases, the dynamic 
stability of the craft generally tends to 
decrease. Through careful design, the 
aerodynamic configuration of the craft can be 
optimised to reduce instabilities and to 
dampen motions. 
Model tests for the analysis of 
monohull aerodynamics. 
The authors have designed and undertaken 
model tests to investigate the aerodynamic 
characteristics of very high speed monohull 
planing craft, and to determine the results of 
the aerodynamic forces on the crafts 
performance. 
Various methods of model testing were 
investigated, including free-running model 
briefly, since the problem of achieving and 
maintaining a high speed could be overcome, 
however the yaw force components would be 
too great and reflected wave encounters 
would have been unacceptable. Furthermore, 
these facilities were not directly available. 
A circulating water channel was available 
through the Civil Engineering Department at 
University of Plymouth, and it was found that 
the flowrate could be adjusted to allow 
sufficient speed of flow for useful analysis. 
Further enquiries lead to the acquisition of a 
portable wind tunnel and this was combined 
with the aforementioned circulating water 
channel. These two components formed the 
principal experimental apparatus used in the 
model testing and proved ideal for the 
intended analysis. 
Apparatus. 
The circulating water channel. 
Figure 2 illustrates the setup of the circulating 
water channel. The principal characteristics 
of the channel include the mass flowrate, and 
hence the volume flowrate, the depth of the 
flume, the breadth of the channel and thus 
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primarily the speed of the water in the 
channel. The change in pressure head of the 
water over the length of the channel was of 
importance for determining the mass 
flowrate, and thus the water velocity. The 
head was detennined by the difference in the 
height of the reservoir outlet to the channel 
and channel outlet to the collection trough. 
During initial setup of the channel it was 
found that by filling in the sides of the 
channel between the metal frame structure 
and the glass channel walls, an extra 10 cm of 
reservoir head could be attained. Other 
methods of increasing the change in head 
across the channel were investigated, and 
although 'permanent' adjustment of the 
channel was not permitted, thus preventing 
any movement of the reservoir height, the 
collection trough could be tilted, so that the 
downstream end of the channel could be 
lowered further. 
Figure 2. Profile of circulating water channel. 
Water Channel 
The beam velocity coefficient was used as 
follows: 
Vs _ Vm F. - ~bm [1] 
For a craft travelling at 90 knots with a beam 
of 8.14 metres, based on the given water 
channel data, a model beam of 0.0465m was 
derived. The approximate full scale hull 
len~ corresponding to this beam, based on a 
typIcal very high speed craft length to beam 
ratio (A) of 4.375, would be 35.60m. A A of 
5.5 would correspond to a hull length of 
44.75m, this latter value being important 
since this author believes that future very high 
speed craft will evolve into longer, more 
slender forms. 
The Reynolds numbers were checked using 
the following formula, and both model and 
full scale values were both supercritical. The 
water flow in the channel was also turbulent , 
Reservoir 
Reservoir Dam 
Slope adjustment thread 
Scales 
Optimisation of the water channel setup was 
to attain the maximum water flow speed 
without reducing the depth of water in the 
channel. The following were the principal 
particulars: 
• Breadth: 
• Water velocity: 
• Water depth: 
23.20 cm 
3.50 mls 
4.50cm 
From this data, the model hull breadth could 
be determined, based on beam velocity 
coefficient scaling, since the resistance of the 
hull is almost entirely frictional at the scaled 
velocities, and Reynolds numbers would be of 
similar magnitude and both super-critical. 
Sump 
Water pump 
which improved the correlation of the model 
test results to the practical full scale situation. 
[2] 
The Reynolds number for the full scale craft 
was approximately 1.387 xl09 for the smaller 
A mentioned above, and the Reynolds number 
for the model was about 1.229 xl06, based on 
the overall wetted lengths. 
Figure 2 illustrates the water collection trough 
mounted on scales for mass flowrate 
measurement. By plugging the drainage pipe 
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and measuring the change in mass on the 
scales, for a given time (20 seconds used), the 
mass flowrate could be determined. From 
knowledge of the water channel width and 
depth (and hence area) the water velocity in 
the channel could be calculated; a value of 
3.5 mls was determined. 
Water temperature was measured with a 
standard mercury thermometer and the 
average temperature, measured in the 
reservoir, was 14.9 degrees Celsius. Fresh 
water was used; the sump was filled via a tap 
and hose. 
The wind tunnel. 
Figure 3 illustrates the method of attachment 
of the wind tunnel to the water channel. A 
plywood connection tunnel was constructed 
to join the air pump to the water channel, and 
perspex sheets were cut to create the air 
tunnel/water channel roof, and also the 
intermediate air tunnel floor. 
Figure 3. Wind tunnel assembly and model 
test area. 
caused by the pump rotor. The air pump was 
controlled by a variable speed motor control 
unit. 
The purpose of the intermediate wind tunnel 
floor was to separate the air and water flow at 
the downstream end of the test channel. It was 
necessary to ensure that this floor was aligned 
precisely to the water flow to prevent water 
from flooding onto the top-surface of the 
tunnel floor, and simultaneously not to allow 
air to circulate around the end of the floor 
from underneath. The connection of the 
plywood tunnel to the water channel was by 
inserting it between the glass channel walls 
and using adhesive tape to prevent air 
entering the tunnel from the plywood/perspex 
connections. 
The flow at the upstream end of the tunnel 
was felt to be a small source of error, 
primarily from air-drawing around the tunnel 
roof. To compensate for this it was ensured 
that the test area was far enough downstream 
to allow such circulating air to accelerate to 
the uniform stream flow. 
Strain rod with guage 
Tunnel roof 
ArrpumPL __ ~~~~~ ________ J:====::::==~~~ ____ ----~=== Plywood tunnel 
Water Collection Trough 
The perspex used for the wind tunnel 
intermediate floor and roof was held in 
position by a combination of adhesive tape, 
and by ensuring that the perspex was cut to 
allow a very tight fit. By wedging the sheets 
into place, minimum flow obstacles were 
required. and minimum flow disturbance was 
ensured. A honeycomb of 1 cm spacing was 
incorporated in the downstream (pump) end 
of the tunnel to eradicate any air swirling 
Model test area 
Tunnel intermediate floor 
The blockage effect of the hull in the wind 
tunnel was considered, however the 
transverse sectional profile of the model was 
at maximum 3.50/0 of the tunnel cross-
sectional area, and was thus considered 
negligible. 
The strain rod was mounted sufficiently far 
upstream of the wind tunn~l t~ ensure that 
interaction effects were not sIgruficant. 
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The wind tunnel dimensions were calculated 
as follows, based on scaling of the hull 
lengths, since the length was felt to be the 
prime nondimensionalising characteristic of 
the hull aerodynamic forces, thus: 
[3] 
Again, using a scale speed of 90 knots and 
hull length of35.60 metres, a model length of 
0.40 metres indicated that the wind tunnel 
velocity should be 4.91 mls. 
Previous work undertaken with the wind 
tunnel had calibrated the speed, so the 
required tunnel depth could be determined 
from the volume flowrate. Hence the wind 
tunnel depth was calculated to be 0.225m. 
Model and bridle configuration. 
It has been shown how the model beam was 
determined from the water channel optimum 
configuration. The model length was 
determined from the length to beam ratios of 
modem very high speed craft, as mentioned 
earlier, and in conjunction with the views of 
this author that future very high speed craft 
will evolve with increased length to beam 
ratios, a value of approximately A. = 8.5 was 
used, and hence the 40 cm length was 
determined. 
For the model tests envisaged, the following 
models were constructed: 
• 0 Degrees deadrise: Lengths of 15 cm, 20 
cm, 25 cm, 35 cm, 40 cm, 45 cm. 
• 10 Degrees deadrise: Length = 40 cm. 
• 20 Degrees deadrise: Length = 40 cm. 
• 30 Degrees deadrise: Length = 40 cm. 
The flat plate models (0 degrees deadrise) 
were constructed from plywood with a resin 
and glass-fibre coating. The model thickness 
was 0.5 cm. The 'chine' edges and transom 
heel were sharpened using fine wet/dry paper 
to give sharp 90 degrees edges. The model 
surface was polished to remove any visible 
roughness. The deadrise models were 
constructed in a similar manner to the flat 
plate models, but a thicker section was used 
to allow the deadrise to be cut into the block" 
all other characteristics being the same. Th~ 
models were all marked with a permanent pen 
for l~ngth and. depth grading. Furthermore, a 
prac~cal consIderation was that the models 
reqUIred a minimal amount of bow wedge 
angle to ensure that flow irregularities during 
large LeG tests would not force the hull to 
nosedive (this could uncalibrate the strain 
gauge by bending the strain bar beyond its' 
yield point). 
Investigation of the optimal bridle/tow 
connection and configuration resulted in a 
copper .plate, hammered flat and thin (0.1 
nun) With a fold at one end containing the 
bridle line. The plate was of the same width 
as the model hulls. This method had the 
advantage of being both easy to place 
accurately, and reasonably fast to adjust~ this 
was important since many adjustments were 
anticipated for all the model tests. 
The bridle plate was connected to the hull 
simply, using adhesive tape, again allowing 
fast and accurate placement and adjustment. 
The upstream bridle connection to the strain 
bar was again a simple arrangement of sliding 
two loops up around a circular end section of 
the bar. A mark was made to ensure that the 
same position was used each time. Variations 
of strain bar connections were tested , 
including spreader arrangements, but a single 
source for the bridles was essential to prevent 
yaw, and thence roll instabilities from 
occurring. The use of long, fine bridle lines 
meant that their induced drag was minimised 
and the tow direction was horizontal. 
From the gradient of the strain/mass slope, the 
resistance of the hull could be calculated from 
the strain meter reading by the following 
formula: 
R = (0.4585/1000) x Meter reading [4] 
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Measurements. 
Measurement of the model planing 
characteristics included the following: 
• Resistance - using the strain gauge. 
• Transom depth below datum waterline. 
• Wetted keel length. 
• Trim. 
Furthermore the LeG of the model was 
recorded with details of which model was 
used. 
Finally, measurement of the models masses 
and the ballast masses was required; this was 
undertaken using scales accurate to 0.01 g, 
although this accuracy was felt to be 
excessive and numbers have been rounded to 
the nearest 0.1 g. These weights had to be 
added to the ballast weight for the total model 
running weight. A full range of individual 
ballast weights were cut from lead and steel. 
The model tests. 
Specific intentions. 
It has been stated earlier that the purpose of 
the model tests was to investigate the effect of 
the aerodynamic forces on high speed planing 
monohulls; these effects will now be 
considered in greater detail. The dynamic 
running conditions of planing craft are often 
analogised to a 'can of worms', each condition 
affecting all the others; this makes the 
specific analysis of the resistance components 
somewhat complex. The components of the 
effects of the aerodynamic forces that must be 
considered include: 
• Total aerodynamic resistance of hull. ~ 
RA 
• Total hydrodynamic resistance of hull 
(running with aerodynamic forces). 
RB(+w) 
• Total hydrodynamic resistance of hull 
(running without aerodynamic forces). 
RB(-w) 
• Total aerodynamic and hydrodynamic 
resistance of hull. RL 
Hence the total effective aerodynamic 
resistance of the hull (R~ can be assessed in 
terms of the difference between the total 
aerodynamic resistance of the hull and the 
hydrodynamic resistance change due to the 
change in running conditions from the 
aerodynamic forces acting on the hull, as 
given in equation 6. 
RA = ARA - RMf [5] 
Where: 
RMf = RH(+w) - RH(-w) [6] 
Also: 
[7] 
To determine the difference in hydrodynamic 
forces with and without aerodynamics, it was 
necessary to invent a new term called the 
'effective resistance' R' which can be 
predicted by measuring the change in the 
hydrodynamic running conditions, with and 
without aerodynamics, and applying this 
within a performance prediction. The 
predicted effective values for resistance or 
powering (from the modified running 
conditions) indicate the difference in 
hydrodynamic drag caused by this change 
according to equation 7. This effective 
resistance will be of the order of the total 
resistance since the prediction method still 
incorporates the aerodynamic forces inherent 
within its' method. This system of resistance 
components is illustrated by Figure 4A. The 
total effective aerodynamic resistance of the 
hull can be deducted afterwards to provide a 
value for the hydrodynamic resistance when 
the aerodynamics are included, as given by 
equation 8, and depicted by Figure 4B. 
RH(+w) = RL -RA [8] 
The specific intention of the model tests was 
to determine the magnitude of the changes in 
running conditions for the models, with and 
without the wind tunnel running (hence RMI), 
and to measure the change in total resistance 
of the models with and without the wind 
tunnel running (the magnitude of ARM· 
Model test procedures. 
The model tests were devised to provide data 
in the form of two characteristics, the length 
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to beam ratio of the planing surface A and the 
effective length to beam ratio A I, defined as 
follows: 
A = Lw/b [9] 
Al = d/(b.sin't) [10] 
Further data that was measured directly was 
the resistance, as has been described 
previously. 
The stability of each model was also assessed, 
although unstable modes (both porpoising and 
transverse instabilities) prevented 
measurements from being taken. For this 
reason, the results for the smallest LeG 
values indicate the limit of porpoising 
stability for that model configuration. 
Figure 4. Graphical explanation of resistance 
components. 
A: 
R ff~'~ ilRA RA RH(-w) 
v 
The model tests were conducted to provide 
the following specific results: 
Group 1: General A against AJ, 0 
degrees deadrise; systematically varying 
hull length, LeG and displacement. 
Group 2:General A against AJ, 10 degrees 
deadrise, systematically varying LeG and 
displacement. 
General A against A b 20 degrees 
deadrise, systematically varying LeG and 
displacement. 
General A against AI, 30 degrees 
deadrise, systematically varying LeG and 
displacement. 
Group 3:Resistance function against Al for 0 
degrees deadrise. 
Resistance function against A 1 for 10 
degrees deadrise. 
Resistance function against A 1 for 20 
degrees deadrise. 
Resistance function against A 1 for 30 
degrees deadrise. 
The group 1 tests would provide running 
conditions data for the effect on RH(-w) and 
RH(+w) of the aerodynamic forces. Model 
tests in group 2 were intended to make a more 
detailed study of specific areas of the group 1 
tests. The group 3 tests were undertaken to 
provide data for the Rl: and ARA analysis. 
The 'resistance function' was derived as the 
best method of incorporating the principal 
hull particulars that would influence the 
B: 
R 
v 
brR~ ilRA RA RH(-w) R LlH RH(+w) 
resistance, in a nondimensionalised form, and 
is given as follows: 
Fn(R) = IO~~~ [11] 
.1.-
LOA 
The tests in group 1 above were designed to 
provide a global analysis of the effect of 
varying the hull overall length to beam ratio A 
. since this was specifically with regard to the 
~erodynamic effects on the performance of a 
flat plate, variations in hull length were ~sed 
to explore the aerodynamic effects for gIVen 
LeGs and Awetted' Furthermore, these tests 
were intended to provide new data for high I. 
values, beyond those used in current analysis 
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and prediction methods, such as that of [7] 
which is limited to A <4. Due to the higher 
Reynolds numbers at which these model tests 
were run, it was anticipated that the data 
would not entirely coincide with that of work 
such as Savitsky [7] (although the 
modification should not be too large and the 
trend should not change). 
Results and Analysis. 
Group 1 model tests. 
The flat plate model tests provided a range of 
test .data for a wide range of hull length, 
loading and running conditions. The linear 
regression analysis of the two sets of data 
(wi~ wind effect and without wind effect) 
proVIded a clear analysis of the results. The 
results of the model tests with the wind tunnel 
running indicate that the trend is close to the 
A=Al law. Figure 5 shows the results of a 
survey of data conducted by Savitsky [7] for A 
and A} and also includes the results of these 
model tests. It is immediately obvious that the 
new data extends well beyond that of Savitsky 
and thus an initial benefit of this work can be 
realised. The second important result with 
regard to the new data is the noticeable 
diversification from the Savitsky data in the 
lower A values. Conversely, there is a 
convergence towards the A=A} line at the high 
A values. Reasons for this gradient are 
primarily concerned with the higher Reynolds 
numbers at which these models were tested. 
The boundary layer would be larger, due to 
the increased turbulent flow under the hull , 
and thus there would be a small change in the 
hydrodynamic centre of pressure. Secondly, 
the air/water emulsion under the hull would 
be much larger, and this would also 
significantly affect the boundary layer size 
and the centre of pressure. At the lower A 
values, the hull is more responsive to changes 
in trim (less pitch stability), and the results 
with the wind tunnel running suggest that the 
centre of pressure moved forward, causing an 
increase in trim, and hence a reduction in A}. 
At the higher A values, the hull is more stable 
in pitch and is less affected by the change in 
boundary layer from the Reynolds number 
change and the air/water emulsion~ this is 
s~own by the fact that the data tends to agree 
With the extrapolated Savitsky line. 
~he Savitsky line for 1 <A <4 is given by the 
sImple equation below (After [7]): 
A = A} + 0.3 [12] 
and the equation governing the new data with 
the wind tunnel running is: 
A = 0.93 A} + 0.93 [13] 
Figure 5. Flat plate results from model tests 
and from Savitsky [7]. 
Shaded area rcprcsenIs 
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The analysis of the model test data without 
the wind tunnel running is seen to be 
significantly different. The trend is for a 
convergence with the A=A} line at lower A 
values, and diverges with an increase in A. 
This correlates with the previous comments 
regarding the effect of the air/water emulsion 
when the wind tunnel was running, i.e. that 
the air/water emulsion has the effect of 
reducing AI' 
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The equation of the line with no wind effect 
is as follows: 
A = 1.54 Al - 0.1 [14] 
The change in A due to the aerodynamic 
forces was calculated for the model data, and 
this change in A was analysed by a linear 
regression, with the following equation: 
A(_w) = 1.263 A(+w) [15] 
The regressed line passes through the origin, 
which is an expected point and offers a useful 
check of the line. 
Equation 15 was incorporated within a 
computer program. The predicted results from 
this program indicate the new values of R', 
and hence RLlli can be obtained. An example 
of this program is illustrated in Figure 6. 
Figure 6. Typical results for a 33m planing 
craft running with and without aerodynamics. 
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The difference between the two resistance 
values at a given velocity is denoted by RLlli' 
Group 2 model tests. 
These results can be analysed in three ways; 
firstly by analysing the data on the basis of 
the three ballasted conditions, secondly by 
analysing the data for the four deadrise 
models, and lastly by considering the whole 
data set. 
These model tests were for "local" variations 
in running conditions, insofar as the group 1 
model tests as a whole were "global", 
comprising many different "local" conditions. 
This is important since it explains why the 
changes in A and Al follow different "local" 
variations. 
Running the wind tunnel showed an increase 
of AI; this increase corresponded to an 
increase in depth or a reduction in trim, or 
realistically a combination of both effects. It 
could be seen that the change in A 1 was 
greater at lower A values, which was due to 
the fact that the wetted length has reduced but 
the same amount of lift is required 
(displacement remained constant), hence the 
depth increased and the trim increased. 
The effect of increasing the deadrise for a 
given displacement was to increase A 1 and 
this again corresponds to an increase in depth 
and trim. In this case these changes in running 
conditions were due to the requirement to 
maintain the dynamic lift on the hull; there 
would have been a reduction in dynamic 
lifting pressure due to the increase in 
deadrise. 
The effect of increasing the displacement for 
a given deadrise was to reduce AI> this value 
was driven by an increase in trim, since there 
was also a depth increase and the effect of 
trim would have had to be even more 
significant to reduce AI' 
This data provides an insight of the effects of 
varying the local running characteristics of 
the craft. It can be seen that there is a constant 
displacement of the 0 degrees deadrise model 
results, according to the thinner beam of that 
model (4.0 cm rather than the 4.65 c~ of ~e 
others in this group of tests). usmg this 
narrower beam illustrates the importance of 
running a wide range of model overall length 
to beam ratios for the global data so that an 
accurate regreSSIon of the data can be 
analysed. 
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Group 3 model tests. 
-The results of these model tests provide an 
indication of the proportion of the overall 
resistance that the total aerodynamic effects 
have. The change in the resistance function 
(with and without wind) was calculated and 
the regressed values are given in Figure 7. 
Figure 7. Change in resistance function 
with A . 
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The four equations for the lines representing 
the different deadrise models are gIVen as 
follows: 
LlFn(R) = -0.08/...1 + 1. 77 
(30 degrees) [16] 
LlFn(R) = -0.073/...1 + 152 
(20 degrees) [17] 
LlFn(R) = -0.069/...} + 1.29 
(l 0 degrees) [18] 
LlFn(R) = -0.049/...1 +0.88 
(0 degrees) [19] 
Furthermore, the change in Fn(R) as a 
percentage of the total resistance was plotted 
for each deadrise model against the change in 
Fn(R), as shown in Figure 8. 
Figure 8 V . . 
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Similarly, the four equations for the lines 
representing the different deadrise models are 
given as follows: 
%Fn(R) = 8.83Mn(R)-0.35 
(30 degrees) [20] 
%Fn(R) = 10.24Mn(R)-0.10 
(20 degrees) [21] 
%Fn(R) = 13.04Mn(R) + 0.22 
(10 degrees) [22] 
%Fn(R) = 19. 78Mn(R)+ 1.65 
(0 degrees) [23] 
It is fairly simple to thus evaluate the 
percentage of the resistance function 
attributed to the total aerodynamic effects by 
substituting equations 16 to 19 into equations 
20 to 23 respectively. 
An immediate result that can be determined 
from this analysis is that for the range of 
conditions tested, the aerodynamic effects 
comprised between approximately 4 and 15 
percent of the total resistance. This 
information, in itself, is new and useful data 
for the purposes of performance prediction of 
such craft. 
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The above relationships of total aerodynamic 
resistance effects were incorporated in the 
aforementioned computer program to predict 
the aerodynamic resistance ~A' To allow a 
variation of deadrise to be incorporated in the 
procedure, a Lagrange polynomial was used. 
The data was fitted to this as a variation of 
deadrise and %Fn(R), with the corresponding 
A1 value being calculated from the 'full 
resistance' running conditions; thus an output 
was predicted for the aerodynamic component 
of resistance in terms of a percentage of the 
full resistance. 
Figures 7 and 8 indicate that the percentage of 
total aerodynamic resistance increases with 
an increase in Mn(R), and hence with a 
reduction in AI; this result agreeing with 
expectation. 
A prediction incorporating the above analys~s 
of the model test results is illustrated In 
Figure 9, the hull form is the same as for the 
prediction illustrated in Figure 6. 
Figure 9. composition of predicted resistance 
for a 33m craft. 
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This typical illustration of the trends of the 
various resistance curves shows that the 
aerodynamic effect on the hydrodynamic 
resistance Rm is greater at lower velocities, 
pertaining to higher A values_ The 
aerodynamic resistance increases with 
velocity, as would be expected, although as a 
percentage of the total resistance, the 
aerodynamic resistance decreases with 
increased velocity (see Figure 10); the driving 
cause of this is that the running trim of the 
craft decreases with velocity increase, and 
hence A increases, according to Figures 7 and 
8. 
Figure 10. Variation of aerodynamic 
resistance as a percentage of the total 
resistance. 
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There was a requirement to assess the 
accuracy of the measurements _ of the 
resistance for the model tests, as this would 
help validate the application of these res~lts 
to full scale craft. To do this, the follOWIng 
methods were available: 
• comparison of the measured resistance.' in 
the form of a total resistance coeffiCient 
CT given by equation 24, with calculated 
C values for known craft and other 
vJidated model tests;. this is the most 
useful method. _ . 
• Since the resistance would be pnmanly 
frictional (at least 80% according to other 
model tests), the corresponding CF value 
could be obtained accordin~ to . the 
standard 1957 ITTC correction lIne, gIVen 
by equation 25. These CF va~ues were 
.' t d to be low SInce the antIcIpa e . _ , 
aerodynamic reSIstance IS no~ full~ 
incorporated 1D the calculatIon or 
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derivation of the formula, and also the CT 
values are highly dependant on the 
loading condition of the craft. It should be 
noted that the models tested in these 
experiments were reliant on dynamic lift 
to attain their draught, and were thus 
highly loaded; this was due to low model 
hull volume and the use of high density 
ballast weights. 
[24] 
0.075 
CF = 2 
((loglO Rn)- 2) [25] 
CF values which were considered averaged 
about 0.0012, i.e. of the order of 10-3. The 
model CT values averaged around 0.007, and 
are of the same order. The higher CT values 
correspond to the higher trim values and high 
loading conditions, and this implies that the 
residuary resistance was substantial for these 
conditions. The effect of the aerodynamics 
were analysed, and it can be seen that an 
increase in CT occurred with the wind tunnel 
running, since the total resistance was 
increased with aerodynamics. This increase 
was also due to the change in the 
hydrodynamic running conditions; as the trim 
reduced there was a reduction in the wetted 
length, which is incorporated in the 
calculation of both CT and CF. 
As a means of checking the model tests, a 
comparison of the CTand CF values for 
known high speed craft were analysed. It was 
seen that both the CTand CF values were of 
the same order of magnitude as the model test 
results, indicating good overall accuracy. 
CONCLUSIONS 
It has been shown that model tests were 
undertaken successfully to determine the 
aerodynamic effects on very high speed 
planing craft. The circulating water channel 
was configured to provide the required speed 
of water whilst also ensuring that adequate , 
depth was provided to prevent shallow water 
effect errors from occurring. The wind tunnel 
was set up and operated successfully to allow 
accurate measurements of the hydrodynamic 
and full (hydrodynamic with aerodynamic) 
resistance and running characteristics. 
The model configuration was described and it 
was seen that the correlatio~ in terms of 
Reynolds numbers, was correct; both the 
model and the full scale craft were 
supercritical. The turbulence of the water 
channel provided additional friction to further 
reduce any differences in boundary layer 
patterns. The models were of minimum 
displacement and buoyancy so that dynamic 
forces only, were considered. 
Measurement of the resistance by the strain 
gauge was successful and accurate; 
measurement of the model running conditions 
was similarly a straightforward task. 
Various models were tested for the different 
groups of tests; the flat plate experiments 
involved 5 different length models, then four 
additional models were constructed for the 
group two and group three tests incorporating 
the effects of deadrise. The models were 
ballasted and the LCG positions varied as 
required. 
The model tests were undertaken to 
determine the effects of the aerodynamics. 
This work provides a new method of analysis 
of the aerodynamic forces, the hydrodynamic 
forces, and the hydrodynamic effects of the 
aerodynamic forces. The model test me~<XL 
results and analysis are given and calculatIons 
are offered for the determination of the 
aforementioned dynamic force components. 
A resistance function was defined to 
nondimensionalise the measurements of 
resistance in terms of displacement and ~CG 
position, since these ~ameters are cruCIal to 
the resistance of a plamng craft. 
The group 1 model tests covered a wide 
variety of hull length, LCG and 
displacements, so that truly glO?al data was 
recorded. A significant conclUSIOn that was 
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reache<L based on the very high speed regime 
of the tests, was that at low A values, with 
aerodynamics, the air/water emulsion and the 
change in centre of pressure caused a 
reduction in A 1. The group 1 model tests 
provided a formula for the change in A which 
would predict the aerodynamic effects on the 
hydrodynamics, and which extended the 
empirical limits defined in [7]. 
The results of the group 2 tests provided an 
indication of the effect of altering local hull 
configurations. These specific tests covered a 
wide range of model configurations with just 
a few individual arrangements. 
The group 3 model tests provided the analysis 
of the percentage of the aerodynamic 
resistance which comprised the total 
resistance of the hull. It was shown that for 
the model tests undertaken, this ranged from 
4 to 15 per cent; again, this information is 
new data in an area where previously much 
guesswork and simple approximation has 
been used. 
The results of the group 3 tests were compiled 
as eight equations which were conglomerated 
for a prediction tool using a Lagrange 
polynomial requiring input data of deadrise, 
and A}, both available from the prediction 
method. 
Finally, validation of the model tests was 
considered; it is suggested that the analysis of 
the total resistance coefficient was most 
reliable, but also ensuring that the frictional 
resistance coefficient was of the same order 
of magnitude was prudent. The analyses 
indicated that both the CT and CF were 
accurate. This analysis was significantly 
dependant on the hull loading conditions, 
since at the speeds considered the resistance 
curve is extremely steep and changes in 
displacement have a great effect on CT' 
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bs 
bm 
Nomenclature. 
Beam of ship/craft. 
Beam of model. 
CT Drag coefficient. 
CF Friction coefficient. 
Is Length of ship/craft. 
1m Length of model. 
LCG Longitudinal centre of gravity. 
R Resistance. 
Velocity of ship/craft. 
Velocity of model. 
Length to beam ratio. 
Effective length to beam ratio. 
( = d/b.sim:) 
vfw Viscosity of fresh water. 
v sw Viscosity of sea water. 
8RA Total aerodynamic resistance. 
RH(+w) Total hydrodynamic resistance. . 
R~ Total aerodynamic and hydrodynamIC 
resistance. 
RA Total effective aerodynamic 
resistance. 
R' Effective resistance. 
't Trim angle. 
~ Displacement. 
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